Stability of Natural Colorants of Plant Origin by Kaimainen, Mika
Stability of Natural Colorants 
of Plant Origin
MIKA KAIMAINEN
Food Chemistry and Food Development
Department of Biochemistry





       Stability of N
atural Colorants of Plant O
rigin



























Food Chemistry and Food Development 
Department of Biochemistry  
 




Food Chemistry and Food Development 
Department of Biochemistry 
University of Turku, Finland 
 
Supervised by  
Professor Rainer Huopalahti, Ph.D. 
Department of Biochemistry  
University of Turku 
Turku, Finland 
 
Eila Järvenpää, Ph.D. 
Biotechnology and Food Research  




Professor Stephan Drusch, Ph.D. 
Department of Food Technology and Food Material Science 
Technische Universität Berlin 
Berlin, Germany 
 
Docent Kirsi Jouppila, Ph.D. 
Department of Food and Environmental Sciences 




Professor Carmen Socaciu, Ph.D. 
Unit of Chemistry and Biochemistry 




The originality of this dissertation has been checked in accordance with the 






ISBN 978-951-29-5962-4 (print) 
ISBN 978-951-29-5963-1 (pdf) 
ISSN 2323-9395 (print) 
ISSN 2323-9409 (pdf) 










































Table of Contents 
 
 
TABLE OF CONTENTS 
ABSTRACT .......................................................................................................... i 
SUOMENKIELINEN ABSTRAKTI .................................................................. iii 
LIST OF ABBREVIATIONS .............................................................................. v 
LIST OF ORIGINAL PUBLICATIONS ............................................................ vi 
1  INTRODUCTION ........................................................................................... 1 
2  REVIEW OF THE LITERATURE ................................................................. 3 
2.1  Natural pigments in plants ................................................................ 3 
2.1.1  Chlorophylls ........................................................................ 3 
2.1.1.1  Structure ............................................................... 3 
2.1.1.2  Functions and bioactivity ..................................... 4 
2.1.1.3  Stability ................................................................ 5 
2.1.2  Carotenoids .......................................................................... 5 
2.1.2.1  Structure ............................................................... 6 
2.1.2.2  Functions and bioactivity ..................................... 7 
2.1.2.3  Stability ................................................................ 9 
2.1.3  Anthocyanins ..................................................................... 10 
2.1.3.1  Structure ............................................................. 10 
2.1.3.2  Functions and bioactivity ................................... 11 
2.1.3.3  Stability .............................................................. 12 
2.1.4  Betalains ............................................................................ 15 
2.1.4.1  Structure ............................................................. 15 
2.1.4.2  Functions and bioactivity ................................... 16 
2.1.4.3  Stability .............................................................. 17 
2.2  Microencapsulation of food ingredients ......................................... 20 
2.2.1  Microencapsulation techniques ......................................... 21 
2.2.1.1  Spray drying and spray chilling ......................... 22 
2.2.1.2  Fluidized bed coating ......................................... 23 
2.2.1.3  Extrusion ............................................................ 24 
2.2.1.4  Emulsification and liposomes ............................ 24 
2.2.1.5  Spinning disk ..................................................... 26 
2.2.1.6  Coacervation ...................................................... 26 
2.2.2  Microencapsulation of natural colorants ........................... 27 
2.2.2.1  Microencapsulation of carotenoids .................... 27 
2.2.2.2  Microencapsulation of betalains ........................ 29 
2.3  Summary ........................................................................................ 30 
Table of Contents 
 
 
3  AIMS OF THE STUDY ................................................................................ 32 
4  MATERIALS AND METHODS .................................................................. 33 
4.1  Plant material .................................................................................. 33 
4.2  Extraction of pigments ................................................................... 34 
4.3  Encapsulation of pigments ............................................................. 34 
4.3.1  Preparation of o/w emulsions ............................................ 34 
4.3.2  Preparation of w/o/w emulsions ........................................ 36 
4.3.3  Spray drying ...................................................................... 37 
4.4  Storage tests .................................................................................... 37 
4.5  In vitro intestinal lipid digestion .................................................... 40 
4.6  Sensory evaluation ......................................................................... 40 
4.7  Statistical analysis .......................................................................... 41 
5  RESULTS AND DISCUSSION .................................................................... 43 
5.1  Composition of oat polar lipid emulsifier ...................................... 43 
5.2  Extraction of pigments ................................................................... 44 
5.3  Encapsulation ................................................................................. 45 
5.3.1  Preparation of o/w emulsions ............................................ 45 
5.3.2  Preparation of w/o/w emulsions ........................................ 47 
5.3.3  Spray drying ...................................................................... 49 
5.4  Storage tests .................................................................................... 49 
5.5  In vitro intestinal lipid digestion .................................................... 54 
5.6  Sensory evaluation ......................................................................... 57 
6  SUMMARY AND CONCLUSION .............................................................. 60 
ACKNOWLEDGEMENTS ............................................................................... 62 
REFERENCES. .................................................................................................. 64 
APPENDIX: ORIGINAL PUBLICATIONS .................................................... 77 
 
  








In recent years, there have been studies that show a correlation between the 
hyperactivity of children and use of artificial food additives, including 
colorants. This has, in part, led to preference of natural products over products 
with artificial additives. Consumers have also become more aware of health 
issues. Natural food colorants have many bioactive functions, mainly vitamin A 
activity of carotenoids and antioxidativity, and therefore they could be more 
easily accepted by the consumers. However, natural colorant compounds are 
usually unstable, which restricts their usage. Microencapsulation could be one 
way to enhance the stability of natural colorant compounds and thus enable 
better usage for them as food colorants. Microencapsulation is a term used for 
processes in which the active material is totally enveloped in a coating or 
capsule, and thus it is separated and protected from the surrounding 
environment. In addition to protection by the capsule, microencapsulation can 
also be used to modify solubility and other properties of the encapsulated 
material, for example, to incorporate fat-soluble compounds into aqueous 
matrices. 
The aim of this thesis work was to study the stability of two natural 
pigments, lutein (carotenoid) and betanin (betalain), and to determine possible 
ways to enhance their stability with different microencapsulation techniques. 
Another aim was the extraction of pigments without the use of organic solvents 
and the development of previously used extraction methods. Stability of 
pigments in microencapsulated pigment preparations and model foods 
containing these were studied by measuring the pigment content after storage 
in different conditions. Preliminary studies on the bioavailability of 
microencapsulated pigments and sensory evaluation for consumer acceptance 
of model foods containing microencapsulated pigments were also carried out. 
Enzyme-assisted oil extraction was used to extract lutein from marigold 
(Tagetes erecta) flower without organic solvents, and the yield was comparable 
to solvent extraction of lutein from the same flowers. The effects of 
temperature, extraction time, and beet:water ratio on extraction efficiency of 
betanin from red beet (Beta vulgaris) were studied and the optimal conditions 
for maximum yield and maximum betanin concentration were determined. In 
both cases, extraction at 40 °C was better than extraction at 80 °C and the 
extraction for five minutes was as efficient as 15 or 30 minutes. For maximum 
betanin yield, the beet:water ratio of 1:2 was better, with possibly repeated 
extraction, but for maximum betanin concentration, a ratio of 1:1 was better. 
Lutein was incorporated into oil-in-water (o/w) emulsions with a polar oil 




xanthan gum or locust bean gum and xanthan gum as stabilizers to retard 
creaming. The stability of lutein in these emulsions was quite good, with 77 to 
91 percent of lutein being left after storage in the dark at 20 to 22°C for 10 
weeks whereas in spray dried emulsions the retention of lutein was 67 to 75 
percent. The retention of lutein in oil was also good at 85 percent. 
Betanin was incorporated into the inner w1 water phase of a water1-in-oil-in-
water2 (w1/o/w2) double emulsion with primary w1/o emulsion droplet size of 
0.34 µm and secondary w1/o/w2 emulsion droplet size of 5.5 µm and 
encapsulation efficiency of betanin of 89 percent. In vitro intestinal lipid 
digestion was performed on the double emulsion, and during the first two hours, 
coalescence of the inner water phase droplets was observed, and the sizes of the 
double emulsion droplets increased quickly because of aggregation. This period 
also corresponded to gradual release of betanin, with a final release of 35 
percent. The double emulsion structure was retained throughout the three-hour 
experiment. 
Betanin was also spray dried and incorporated into model juices with 
different pH and dry matter content. Model juices were stored in the dark at -20, 
4, 20–24 or 60 °C (accelerated test) for several months. Betanin degraded quite 
rapidly in all of the samples and higher temperature and a lower pH accelerated 
degradation. Stability of betanin was much better in the spray dried powder, 
with practically no degradation during six months of storage in the dark at 20 to 
24 °C and good stability also for six months in the dark at 60 °C with 60 
percent retention. Consumer acceptance of model juices colored with spray 
dried betanin was compared with similar model juices colored with 
anthocyanins or beet extract. Consumers preferred beet extract and anthocyanin 
colored model juices over juices colored with spray dried betanin. However, 
spray dried betanin did not impart any off-odors or off-flavors into the model 
juices contrary to the beet extract. 
In conclusion, this thesis describes novel solvent-free extraction and 
encapsulation processes for lutein and betanin from plant sources. Lutein 
showed good stability in oil and in o/w emulsions, but slightly inferior in spray 
dried emulsions. In vitro intestinal lipid digestion showed a good stability of 
w1/o/w2 double emulsion and quite high retention of betanin during digestion. 
Consumer acceptance of model juices colored with spray dried betanin was not 
as good as model juices colored with anthocyanins, but addition of betanin to 
real berry juice could produce better results with mixture of added betanin and 
natural berry anthocyanins could produce a more acceptable color. Overall, 
further studies are needed to obtain natural colorants with good stability for the 





Viime vuosien tutkimuksissa on havaittu yhteys lasten yliaktiivisuuden ja 
keinotekoisten elintarvikelisäaineiden, kuten väriaineiden, kanssa. Tämä on 
osaltaan vaikuttanut luonnollisten tuotteiden, jotka eivät sisällä keinotekoisia 
lisäaineita, suosion kasvuun. Lisäksi kuluttajat ovat entistä paremmin tietoisia 
ruoan terveysvaikutuksista. Luonnonväreillä on monia bioaktiivisia 
ominaisuuksia, kuten karotenoidien A-vitamiiniaktiivisuus, ja monet 
luonnonvärit myös toimivat antioksidantteina. Tämän vuoksi luonnonvärit 
voisivat olla kuluttajien hyväksyttävissä elintarvikkeiden väriaineina. Tosin 
monet luonnonvärit hajoavat herkästi, mikä rajoittaa niiden käyttöä 
elintarvikkeissa. Mikrokapseloinnilla voidaan parantaa luonnonvärien 
pysyvyyttä ja siten niiden käyttömahdollisuuksia elintarvikeväreinä. 
Mikrokapselointi tarkoittaa jonkin aktiivisen aineen päällystämistä kuoreen tai 
kapseliin siten, että se on täysin eristetty ympäristöstään. Suojaamisen lisäksi 
mikrokapselointia voidaan käyttää aineen liukoisuus- ja muiden 
ominaisuuksien muokkaamiseen. 
Tämän väitöskirjatyön tarkoituksena oli tutkia kahden luonnonvärin, 
luteiinin (karotenoidi) ja betaniinin (betalaiini) pysyvyyttä ja mahdollisuuksia 
parantaa niiden pysyvyyttä erilaisilla mikrokapselointitekniikoilla. Lisäksi 
tavoitteena oli väriaineiden uutto kasvimateriaalista ilman orgaanisia liuottimia 
ja aiemmin kehitettyjen uuttomenetelmien jatkokehitys tehokkaammiksi. 
Väriaineiden pysyvyyttä mikrokapseloiduissa valmisteissa ja niitä sisältävissä 
mallielintarvikkeissa tutkittiin määrittämällä väriaineiden pitoisuudet 
erimittaisten säilytysaikojen jälkeen eri olosuhteissa. Työssä tehtiin myös 
alustavia esikokeita mikrokapseloitujen väriaineiden biosaatavuudesta ja 
mallielintarvikkeiden aistinvaraisista ominaisuuksista. 
Luteiinia uutettiin samettikukista (Tagetes erecta) entsyymiavusteisella 
öljyuutolla, ja uuttosaanto oli vertailukelpoinen liuotinuuton kanssa. 
Lämpötilan, uuttoajan ja punajuuri:vesi-suhteen vaikutusta betaniinin 
uuttotehokkuuteen punajuuresta (Beta vulgaris) tutkittiin ja parhaimmat 
olosuhteet määritettiin suurimmalle betaniinisaannolle sekä suurimmalle 
uutteen betaniinipitoisuudelle. Molemmissa tapauksissa uutto 40 °C:ssa oli 
parempi kuin 80 °C:ssa, ja jo viiden minuutin uutto oli yhtä tehokas kuin 15 tai 
30 minuutin uutto. Suurin betaniinin saanto saatiin punajuuri:vesi-suhteella 1:2, 
mahdollisesti vielä toistetulla uutolla, kun taas suurin betaniinipitoisuus 
uutteelle saatiin suhteella 1:1. 
Luteiinia lisättiin öljy vedessä (o/w) -emulsioon, jossa oli kauran (Avena 
sativa) polaarista lipidijaetta emulgaattorina ja guarkumin ja ksantaanikumin 




hidastamaan emulsion kermoittumista. Luteiinin pysyvyys emulsioissa oli 
melko hyvä; 10 viikkoa pimeässä 20–22 °C:ssa säilytetyissä emulsioissa oli 
vielä 77–91 prosenttia luteiinia jäljellä, kun taas sumutuskuivatuissa 
emulsioissa luteiinia oli säilytyksen jälkeen jäljellä 67–75 prosenttia. Öljyssä 
säilytettynä luteiinia oli 10 viikon jälkeen jäljellä 85 prosenttia. 
Betaniinia lisättiin vesi öljyssä vedessä (w/o/w) -kaksoisemulsion sisempään 
vesifaasiin. Sisemmän vesi öljyssä -emulsion pisarakoko oli 0.34 µm ja 
ulomman w/o/w-kaksoisemulsion pisarakoko oli 5.5 µm ja betaniinin 
kapselointitehokkuus oli 89 prosenttia. Kaksoisemulsiolle tehtiin in vitro 
ruoansulatuskoe (pelkkä suolisto-osa), ja kahden ensimmäisen tunnin aikana 
sisemmän emulsion vesipisarat sulautuivat osittain yhteen ja ulomman 
emulsion öljypisarat aggregoituivat. Tässä ajassa tapahtui myös betaniinin 
vapautuminen sisemmästä vesifaasista, ja lopullinen betaniinin häviö oli 35 
prosenttia. Kaksoisemulsion rakenne säilyi kuitenkin koko kokeen ajan. 
Betaniinia sumutuskuivattiin ja lisättiin mallimehuihin, joissa oli eri pH ja 
kuiva-ainepitoisuus. Mallimehuja säilytettiin pimeässä -20 °C:ssa, 4 °C:ssa, 
20–24 °C:ssa tai 60 °C:ssa (nopeutettu koe) useita kuukausia. Betaniini hajosi 
melko nopeasti kaikissa näytteissä ja korkea lämpötila sekä matala pH 
nopeuttivat hajoamista. Betaniini säilyi paljon paremmin kuivattuna jauheena 
säilytettynä; huoneenlämmössä säilytettynä käytännössä mitään muutoksia ei 
tapahtunut 6 kuukauden aikana, ja 60 °C:ssa säilytettynäkin 60 prosenttia 
betaniinista oli jäljellä 6 kuukauden jälkeen. Mallimehuille tehtiin myös 
kuluttajatesti aistinvaraisella arviolla, jossa sumutuskuivatulla betaniinilla 
värjätyn mallimehun ulkonäön, hajun ja maun miellyttävyyttä verrattiin muuten 
samanlaiseen, mutta antosyaaneilla tai punajuuriuutteella värjättyyn 
mallimehuun. Kuluttajat pitivät enemmän punajuuriuutteella tai antosyaaneilla 
värjätyistä mallimehuista kuin sumutuskuivatulla betaniinilla värjätyistä 
mallimehuista, mutta sumutuskuivatusta betaniinista ei tullut mallimehuihin 
mitään punajuureen viittaavia virhehajuja tai –makuja. 
Tässä väitöskirjassa kuvataan luteiinin ja betaniinin uuttomenetelmiä 
kasvimateriaalista ilman orgaanisia liuottimia sekä väriaineiden 
mikrokapselointiprosesseja. Luteiinin pysyvyys öljyssä ja emulsiossa oli hyvä, 
mutta sumutuskuivatuissa emulsioissa hieman huonompi. In vitro 
ruoansulatuskoe osoitti w/o/w kaksoisemulsion hyvän pysyvyyden ja betaniinin 
tehokkaan säilymisen kaksoisemulsiossa ruoansulatuskokeen aikana. 
Kuluttajatesti osoitti, että kuluttajat pitävät enemmän antosyaaneilla värjätyistä 
mallimehuista kuin sumutuskuivatulla betaniinilla värjätyistä mallimehuista, 
mutta tilanne voisi olla toinen oikeilla marjamehuilla, jolloin lisätyn betaniinin 
ja marjojen antosyaanien seos voisi muodostaa hyväksyttävämmän värin. 
Kaiken kaikkiaan, lisätutkimuksia tarvitaan, jotta luonnonvärien pysyvyys 
saadaan riittäväksi elintarvikekäyttöä varten. 
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Plants can be found in a multitude of colors and color hues. These many colors 
are due to different pigment compounds, which mainly fall into four compound 
classes: anthocyanins, betalains, carotenoids, and chlorophylls. A notable 
exception is the enzymatic browning caused by polymerization of phenols, 
usually as a result of tissue damage. However, it can be argued that while 
strictly speaking natural, this kind of coloration is not native to the plant. 
Natural pigment compounds have other functions in plants as well, and many 
of them have for example, antioxidative properties. 
The color of food is a very important factor for consumers. This is because 
usually visual appearance is the first attribute to evaluate the quality of food, 
and color is a major part of visual appearance (van der Laan et al. 2011, van der 
Laan et al. 2015). When consumers are selecting and purchasing foods, visual 
appearance may be the only factor they can evaluate before making a purchase 
decision. Therefore, food producers should pay attention to the visual 
appearance (e.g. color) of the foods they produce and sell. Some food products 
are packed into opaque packages, but even in these products, the visual 
appearance of the food when taken out of the package is important to the 
consumer, and it may affect future purchase decisions. 
Another quite important factor that consumers can evaluate before making 
purchase decisions is the image or impression of the product, for example, 
ethical and environmental considerations and the healthiness of the food. 
Regarding this, a large part of consumers seems to appreciate naturalness of 
products. Usually this means, for example, that no additives are used, but if 
they are needed, natural additives may be favored over artificial ones. 
Especially, reports of relation between artificial additives and hyperactivity in 
children has decreased consumer acceptance of artificial additives (McCann et 
al. 2007, Nigg et al. 2012). Thus, natural colorants have the potential to be used 
as ‘acceptable’ additives in foods as they are natural and they also have 
potential health benefits. However, natural pigment compounds usually have 
poor stability as compared to artificial food colorants, which hinders their 
usage. 
Microencapsulation is a term used for processes in which the active 
ingredient is enveloped into a coating or capsule in a micrometer scale 
(typically less than 300 µm). If the scale is in submicron range, the term 
nanoencapsulation can be used. Usually, the technique involves also controlled 
release. This means that the active ingredient can be released from the capsule 
when a suitable triggering condition (for example, temperature or pH) is 
reached. Microencapsulation could be used to enhance the stability of natural 




The following literature review focuses on the naturally occurring pigment 
compounds in plants with emphasis on their stability, and microencapsulation 
techniques used in the food industry. Special attention is given to 
microencapsulation studies conducted with pigment compounds studied in this 
thesis, namely carotenoids and betalains. 
The experimental part of this thesis work is focused on two natural pigments: 
lutein from marigold (Tagetes erecta) flowers (a hydrophobic carotenoid 
pigment) and betanin (a hydrophilic betalain pigment) from red beet (Beta 
vulgaris). Pigments were extracted from plant material without organic 
solvents and extraction methods were developed to be more efficient. 
Emulsification and spray drying were used to encapsulate these pigments and 
the stability of pigments was studied in encapsulated pigment preparations and 
in model foods containing them. This thesis work also included preliminary 
studies on the bioavailability of encapsulated pigments and sensory evaluations 
of model foods containing encapsulated pigments to assess their consumer 
acceptance. 
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2 REVIEW OF THE LITERATURE 
2.1 Natural pigments in plants 
The various colors of plants are typically due to four pigment compound 
classes: carotenoids, betalains, anthocyanins, and chlorophylls. In addition to 
these four major pigment classes, there are some less common pigments, which 
are not discussed in this thesis work. Usually pigments from several classes are 
present in the same plant, but in various amounts in different parts of the plant. 
Different pigment compounds have variable colors but in plants these 
compounds are important for their other properties and functions. Possibly for 
the plant, color is only important for the coloration of flowers and fruits to 
attract insects and other animals for pollination and dispersion of seeds. 
2.1.1 Chlorophylls 
Chlorophylls are the major light-harvesting green pigments in photosynthetic 
organisms, including green plants, algae and bacteria (Schwartz et al. 2008). 
Chlorophylls are essential in photosynthesis, the pathway to transform energy 
from the sun into chemical energy (in the form of glucose), and thus they have 
enabled life as we know to originate and evolve. 
2.1.1.1 Structure 
Chlorophylls are tetrapyrrole compounds similar to heme pigments in meat. 
They have a substituted tetrapyrrole porphyrin ring with a coordinated 
magnesium ion in the middle and an esterified 20-carbon monounsaturated 
phytol group that makes these compounds partially oil-soluble, although the 
porphyrin ring gives the molecule polar characteristics as well. Several 
chlorophylls are found in nature, which differ in the porphyrin ring substituents, 
but in green plants only two variants, chlorophylls a and b, are found in an 
approximate ratio of 3:1. Structures of chlorophylls a and b differ only on one 
substituent and they are shown in figure 1. (Scheer 1991, Schwartz et al. 2008) 
Chlorophylls have typically two absorption bands in the UV-VIS spectrum: 
one in the red region between 600 and 700 nm and the other in blue region 
between 400 and 500 nm. These absorption bands can be altered slightly by 
removing the coordinated magnesium (producing pheophytins) or replacing it 
with some other metal ion such as zinc or copper. The removal of the esterified 
phytol group (producing chlorophyllides) has only a very little effect on the 
UV-VIS absorption of chlorophyll compounds. (Schwartz et al. 2008) 




Fig. 1 Structure of chlorophylls a and b. Adapted from Schwartz et al. 2008. 
2.1.1.2 Functions and bioactivity 
The main function of chlorophylls is undoubtedly energy production via 
photosynthesis. The basic mechanism of photosynthesis has been known for a 
long time (Warburg 1958, Whittingham 1970, Hendry 1996), but the details of 
the mechanism are still studied nowadays (Sztatelman et al. 2010, Galka et al. 
2012, Ashraf & Harris 2013). The role of chlorophyll in photosynthesis and the 
role of photosynthesis to the plant’s well-being are so important that the 
amount of chlorophylls can be used to provide estimates on the photosynthetic 
potential and physiological status of the plant (Curran et al. 1990, Gitelson et al. 
2003, Xiong et al. 2013). 
Chlorophylls are abundant in all green plants and therefore they are 
consumed in considerable quantities by humans. Surprisingly, their fate in the 
gastrointestinal tract and possible health effects are not as widely studied as, for 
example, those of carotenoids. However, there are some reports on potential 
health effects of chlorophylls and their derivatives. Chlorophylls and their 
derivatives seem to have anticarcinogenic (Blum et al. 2003, de Vogel et al. 
2005a, de Vogel et al. 2005b, Ferruzzi & Blakeslee 2007) and antimutagenic 
(Chernomorsky et al. 1999, Ferruzzi et al. 2002) properties. Chlorophylls and 
structurally related tetrapyrroles activate cytoprotective genes (Fahey et al. 
2005) and natural chlorophylls have chemoprotective properties (Harttig & 
Bailey 1998). Chlorophylls seem to also have antioxidant activity or at least 
they are abundant components in plant extracts with antioxidant activity 
(Cervantes-Paz et al. 2014, Viacava et al. 2014). Recently, pheophorbide a, a 
water-soluble degradation product of chlorophyll a, has been reported to have 
antiviral effect against hepatitis C virus (Ratnoglik et al. 2014). 




Vast amounts of chlorophyll are degraded every autumn as most plants 
undergo autumn senescence and the leaves turn from green to yellow or red. In 
addition to this autumn degradation, chlorophyll is constantly synthetized and 
degraded during the plant’s whole life and it seems that the half-life of 
chlorophyll lengthens as the plant matures (Hendry et al. 1987, Hendry 1996). 
Chlorophyll breakdown in autumn has been widely studied for a long time 
(Hendry et al. 1987, Merzlyak & Gitelson 1995, Sytykiewicz et al. 2013, Christ 
& Hortensteiner 2014, Kraeutler 2014). It has been found that chlorophylls are 
broken into linear tetrapyrrole structures that are stored in vacuoles, but the 
exact mechanism of this process is still not fully known (Christ & 
Hortensteiner 2014, Kraeutler 2014). 
Stability of chlorophylls in foods has also been studied, widely. Heat and 
acidity are two major process conditions that enhance chlorophyll degradation 
(Schanderl et al. 1962, Schwartz et al. 1981, LaBorde & von Elbe 1994, 
Schwartz et al. 2008). The first change promoted by heat is the inversion of the 
carbomethoxy group at C10, and this isomerization does not affect the color of 
the molecule (Schwartz et al. 1981, Schwartz et al. 2008). The loss of 
magnesium happens easily in an acidic environment with heat, and this 
produces olive-brown pheophytins (Schanderl et al. 1962, Bacon & Holden 
1967, Schwartz et al. 1981, LaBorde & von Elbe 1994, Schwartz et al. 2008). 
Although the conversion to pheophytins does not occur in alkaline environment 
(pH ≥ 9), during heating of plant tissues, the cells may break down and the pH 
decreases as acids are released (Schwartz et al. 2008). In acidic media, the 
released magnesium ion can be replaced with zinc or copper ions, and the 
resulting complexes have similar green color to natural chlorophylls and they 
are stable in an acidic environment (LaBorde & von Elbe 1994, Hendry 1996, 
Schwartz et al. 2008). 
2.1.2 Carotenoids 
Carotenoids are red, orange, or yellow colored oil-soluble terpenoid 
compounds located in the chloroplasts and chromoplasts of plants and they 
have many functions in plants, including light-harvesting and photoprotection 
(Bauernfeind 1972, Bartley & Scolnik 1995, Frank & Cogdell 1996). 
Carotenoids are found in all photosynthetic plant tissues and they are probably 
most widespread pigments in nature (Schwartz et al. 2008). 
 




The basic carotenoid structure consists of eight isoprene units that form a 40-
carbon backbone (Schwartz et al. 2008) as can be seen in figure 2. There are 
detailed rules for carotenoid numbering and nomenclature (IUPAC 1975), and 
the numbering of carotenoid carbons is also shown in figure 2. Despite the 
accurate systematic names, trivial names of carotenoids are used commonly. 
Carotenoids have extensive conjugated diene system almost throughout the 
whole molecule, and in nature the double bonds are often in trans (E) 
configuration, but also cis (Z) configurations exist in nature (Bauernfeind 1972, 
Britton 1996). Figure 2 shows the conjugated double bond system that is 
common to all carotenoids, but usually there are more double bonds in the end 
groups (carbons 1-6 and 1’-6’), which may not be part of the conjugated system. 
 
Fig. 2 Basic carotenoid backbone with dashed bonds between isoprenoid units 
for clarity. General carbon numbering for carotenoids and conjugated double 
bond system of the backbone are also shown. Adapted and combined from 
IUPAC 1975 and Schwartz et al. 2008. 
Carotenoids can be divided into two structural groups based on the elements 
present in them: carotenes contain only carbon and hydrogen atoms (i.e., they 
are hydrocarbons) and xanthophylls contain also oxygen in the form of 
hydroxyl, epoxy, aldehyde and/or keto groups. In nature, xanthophylls 
containing hydroxyl groups can be present also as fatty acid esters. Many 
carotenoids contain cyclic end groups, but some carotenoids (for example, 
lycopene) are acyclic (IUPAC 1975, Britton 1996, Schwartz et al. 2008). 
Carotenoids can also have shorter or cleaved backbone (for example, bixin), in 
which case, they are referred to as apocarotenoids (IUPAC 1975). Examples of 
common carotenoids with different structures are shown in figure 3. 




Fig. 3 Structures of common carotenoids. Adapted from Schwartz et al. 2008. 
2.1.2.2 Functions and bioactivity 
The primary functions of carotenoids in plants depend on the location: in 
photosynthetic tissues, the main functions are light-harvesting and 
photoprotection, and in other tissues mainly contribution to color of flowers 
and fruits and act as antioxidants (Bartley & Scolnik 1995, Britton 1996, 
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Vershinin 1999, Howitt & Pogson 2006). Carotenoids absorb light at the blue-
green region of the spectrum (400-600 nm), which is in the middle of the two 
absorption regions of chlorophylls, and they can transfer the absorbed energy to 
chlorophylls in chloroplasts (Bartley & Scolnik 1995, Frank & Cogdell 1996, 
Vershinin 1999). This makes it possible for plants to use a broader part of the 
light spectrum for photosynthesis and is the basis of the light-harvesting 
function of carotenoids. The photoprotection function of carotenoids in 
photosynthetic tissues involves an energy transfer from excited triplet state 
chlorophylls to carotenoids and quenching of singlet oxygen to avoid 
irreparable damage to tissues (Bartley & Scolnik 1995, Britton 1996, Frank & 
Cogdell 1996, Vershinin 1999). The presence of carotenoids has also been 
shown to be critical for the plant’s survival, as mutations inhibiting carotenoid 
biosynthesis results in plants that can only live in dim lighting and this is 
mainly attributed to the photoprotection function of carotenoids (Bartley & 
Scolnik 1995, Demmig-Adams et al. 1996, Vershinin 1999). In non-
photosynthetic tissues, carotenoids usually accumulate in chromoplasts and 
their primary function seems to be to produce color of fruits and flowers to 
attract insects and animals for pollination and dispersion of seeds (Bartley & 
Scolnik 1995, Vershinin 1999, Howitt & Pogson 2006). In addition, they also 
act as antioxidants in these tissues and are precursors to scent molecules 
(Howitt & Pogson 2006). The antioxidant properties of carotenoids are due to 
their ability to quench free radicals and reactive oxygen species (ROS) and the 
mechanism is quite similar to their photoprotective function. Recently, it has 
also been shown that carotenoid oxidation products can act as stress signal 
molecules in plants (Havaux 2013). When carotenoids quench ROS, they can 
oxidize and become cleaved into carotenoid derivatives, part of which are 
bioactive compounds that can affect gene expression and thus help the plant to 
acclimate to stress conditions. 
When ingested, carotenoids have vitamin A activity, and they have 
antioxidative properties related to many health benefits, as reviewed by, for 
example, Krinsky (1989), Kiokias & Gordon (2004) and Jomova & Valko 
(2013). Vitamin A activity requires that the carotenoid has at least one β-
ionone ring (see β-carotene in figure 3 for structure) so that it can act as a 
retinoid precursor and thus β-carotene, which has two β-ionone rings, has the 
greatest vitamin A activity of all carotenoids (Bauernfeind 1972, Britton 1996, 
Schwartz et al. 2008, Tang & Russell 2009). As already discussed in functions 
of carotenoids section, they are powerful antioxidants, and they continue to 
have these properties when ingested. The antioxidant properties repair 
oxidative DNA damage and a high intake of carotenoids is correlated to 
reduced risk of certain diseases, such as coronary heart disease and different 
types of cancer (Glei et al. 2000, Kiokias & Gordon 2004, Amiot-Carlin et al. 
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2008, Johnson & Krinsky 2009, Rock 2009, Yeum et al. 2009). Two 
xanthophylls, lutein and zeaxanthin, accumulate in the retina of eye and they 
are strongly correlated with eye health and prevention of age-related macular 
degeneration (Alves-Rodrigues & Shao 2004, Amiot-Carlin et al. 2008, 
Schalch et al. 2009, Bhattacharyya et al. 2010, Ma & Lin 2010, Abdel-Aal et al. 
2013). It is hypothesized that these xanthophylls protect the retina by absorbing 
highly energetic blue light via their antioxidant properties but the role of these 
carotenoids in the human eye is not fully understood (Alves-Rodrigues & Shao 
2004, Schalch et al. 2009, Ma & Lin 2010). 
2.1.2.3 Stability 
The same extensive conjugated double bond system that makes carotenoids 
powerful antioxidants also makes them susceptible to oxidation (Schwartz et al. 
2008, Boon et al. 2010). In intact plant tissues, carotenoids are usually well 
protected from oxidation but when tissues are damaged, the cells break down 
and the environment changes and is more favorable to oxidation (Schwartz et al. 
2008). Oxidation of carotenoids can be initiated by many oxidizing agents and 
the oxidation may process via different mechanisms, which are shown in figure 
4 (Boon et al. 2010). Due to the many double bonds in carotenoid structure and 
variability in oxidation mechanisms, the oxidation may result in a multitude of 
products from isomerization to extensive cleavage of the molecule (Schwartz et 
al. 2008, Boon et al. 2010). Isomerization of trans double bonds to cis isomers 
occurs readily due to many conditions such as heat, organic solvents, acid, and 
light (Schwartz et al. 2008). Isomerization to cis isomers does not affect the 
spectral properties of the carotenoid compound but the possible provitamin A 
activity is decreased or lost (Schwartz et al. 2008). Isomerization is thought to 
proceed via carbocation carotenoid intermediates (Konovalov & Kispert 1999, 
Boon et al. 2010). Studies of Craft and Soares (1992) and Henry et al. (1998) 
showed that lutein is slightly more stable than β-carotene when stored in 
various solvents at room temperature or in safflower seed oil at elevated 
temperatures. Subagio et al. (1999) also showed that esterification of the 
hydroxyl groups of lutein with myristic acid improved the stability of lutein 
against UV light degradation. In food products, carotenoids are very sensitive 
to heat so processes involving heat treatments should be kept at minimum both 
for temperature and time, and storage in frozen temperatures is advised for 
maximum carotenoid stability (Schwartz et al. 2008, Abdel-Aal et al. 2010, 
Cerón-García et al. 2010, Rubio-Diaz et al. 2010, Wenzel et al. 2010, 
Cervantes-Paz et al. 2014). 




Fig. 4 Carotenoid oxidation pathways. Reprinted from Boon et al. 2010 with 
permission. Copyright 2010 Taylor and Francis Group, LLC. 
2.1.3 Anthocyanins 
Anthocyanins are widely distributed water-soluble pigment compounds in 
plants and they contribute to a broad range of colors including: blue, violet, and 
red. Anthocyanins belong in the flavonoid group of phenolic compounds and 
flavonoids are reported to have many potential health effects. (Jackman & 
Smith 1996, Andersen & Jordheim 2006, Schwartz et al. 2008) 
2.1.3.1 Structure 
Anthocyanins are glycosylated forms of anthocyanidins, which have the 
characteristic C6C3C6 structure of flavonoids (Brouillard 1982, Jackman & 
Smith 1996, Clifford 2000, Andersen & Jordheim 2006, Schwartz et al. 2008). 
The aglycon anthocyanidins are less water-soluble than their glycosides, and 
generally they are not found free in nature (Brouillard 1982, Clifford 2000, 
Andersen & Jordheim 2006, Schwartz et al. 2008). There are more than 30 
anthocyanidin structures found in nature but the six most common 
anthocyanidins, pelargonidin, cyanidin, delphinidin, peonidin, petunidin, and 
malvidin comprise around 90 percent of all anthocyanidins found in nature 
(Andersen & Jordheim 2006). Structures of these six common anthocyanidins 
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are shown in figure 5. Hydroxyl groups shift the color of the molecule towards 
blue and methoxyl groups towards red (Schwartz et al. 2008). The hydroxyl 
group at C3 is always glycosylated in nature, and additional glycosylation can 
occur on hydroxyl groups at C5 (most likely), C7, C3’, C4’ and/or C5’ 
(Schwartz et al. 2008). The most common sugars are monosaccharides: glucose, 
rhamnose, galactose, xylose, disaccharides: rutinose (6-O-α-L-rhamnosyl-D-
glucose) and sophorose (2-O-β-D-glucosyl-D-glucose) and some trisaccharides 
(Brouillard 1982, Clifford 2000, Andersen & Jordheim 2006, Schwartz et al. 
2008). The sugar units can furthermore be acylated by different aliphatic 
(malonic, acetic, malic, succinid and oxalic acids) or aromatic (caffeic, p-
coumaric, ferulic, sinapic p-hydroxybenzoic and gallic acids) acids (Brouillard 
1982, Clifford 2000, Andersen & Jordheim 2006, Schwartz et al. 2008). These 
variations in glycosylation and acylation give rise to hundreds of different 
anthocyanins all based on the six common anthocyanidin aglycones.  
 
Fig. 5 Structure of anthocyanidins in acidic environments at the flavylium 
cation state. Adapted from Schwartz et al. 2008. 
2.1.3.2 Functions and bioactivity 
Coloration of flowers, berries, and fruits attracts insects and other animals for 
pollination and seed dispersal and anthocyanins played a role in this coloration. 
However, in some plants, also the leaves or roots contain anthocyanins, which 
suggests that these pigments have other functions as well. They seem to take 
part in plant defense functions and some anthocyanins have antifungal 
properties, although they are not toxic to most animals whereas some other 
flavonoid compounds are (Stintzing & Carle 2004, Gould & Lister 2006). 
There is no direct evidence on the anthocyanin defense function against 
herbivores but at least some insects avoid eating red-colored leaves (Gould & 
Lister 2006). It has also been proposed that plant pigments and defensive 
compounds share biosynthetic routes, and therefore herbivores have learned to 
avoid plant parts with bright coloration as they are likely to contain high 
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amounts of defensive compounds (Schaefer & Rolshausen 2006). 
Anthocyanins have also been hypothesized to protect the plant from UV 
radiation but there is also some conflicting evidence such as most anthocyanins 
not absorbing UV light and not being located in the optimal location for UV 
absorption (Takahashi et al. 1991, Stintzing & Carle 2004, Gould & Lister 
2006). Direct protection from UV radiation by absorption may well be a 
function of other flavonoid compounds but anthocyanins may take part 
indirectly by repairing the DNA damage caused by UV radiation through their 
antioxidative properties (Stintzing & Carle 2004, Gould & Lister 2006). 
Anthocyanins have also a role in photoprotection to absorb excess light that 
could cause photoinhibition to photosynthesis (Jackman & Smith 1996, 
Stintzing & Carle 2004, Gould & Lister 2006). Recently, it has also been found 
that in addition to generally enhancing anthocyanin biosynthesis, different plant 
stress conditions also produce different mixtures of anthocyanin pigments 
indicating that individual anthocyanins may have different functions in 
responses to varying stress conditions (Kovinich et al. 2014). 
Similarly to carotenoids, anthocyanins have antioxidative functions in plants, 
and they have the same antioxidative properties when ingested (Tsuda et al. 
1994, Tsuda et al. 1996, Gómez-Cordovés et al. 2000, Nielsen et al. 2003, 
Awika et al. 2004, Stintzing & Carle 2004, Clifford & Brown 2006, Amiot-
Carlin et al. 2008, Pojer et al. 2013). The antioxidative properties of 
anthocyanins and other flavonoids have been studied widely and they are 
related to many health benefits such as reduced risk of cardiovascular disease 
and some cancers (Nielsen et al. 2003, Stintzing & Carle 2004, Clifford & 
Brown 2006, Amiot-Carlin et al. 2008, Pojer et al. 2013). A correlation 
between antioxidant activity and anthocyanin content in chokeberry has been 
reported, together with inhibition of tumor cell proliferation by cyaniding 
glycosides (Rugina et al. 2012). However, the absorption of anthocyanins has 
been reported to be low and they are quickly excreted in the urine, so the in 
vivo effects may be smaller than predicted (Clifford 2000, Stintzing & Carle 
2004, Clifford & Brown 2006, Lehtonen et al. 2009, Pojer et al. 2013). It has 
also been found out that different glycosylation (amount and position of sugar 
units) affects the bioavailability and anticancer properties of anthocyanins 
(Zhao et al. 2014). 
2.1.3.3 Stability 
Anthocyanins are quite unstable compounds and they have maximum stability 
at acidic conditions (Brouillard 1982, Markakis 1982, Jackman & Smith 1996, 
Andersen & Jordheim 2006, Schwartz et al. 2008). Contrary to many other 
natural colorants, pH has a great effect on the color of anthocyanins because 
protonation and deprotonation of the molecule changes and breaks the 
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conjugated double bond system that gives the molecule its color. In acidic 
environments, the anthocyanins are predominantly in the red flavylium cation 
state, but as the pH rises to neutral, the deprotonated blue quinonoidal base, or 
the colorless hydroxyl adducts carbinol (pseudo)base or chalcone is 
predominant (Jackman & Smith 1996, Andersen & Jordheim 2006, Schwartz et 
al. 2008). Structures of these different anthocyanin forms are shown in figure 6. 
The predominant form in neutral pH depends on the anthocyanin structure and 
substituents (hydroxyl, methoxyl, or glycosyl) (Jackman & Smith 1996, 
Andersen & Jordheim 2006, Schwartz et al. 2008). In addition to color changes, 
anthocyanins are also degraded at high pH (Markakis 1982, Jackman & Smith 
1996, Fossen et al. 1998, Nielsen et al. 2003, Andersen & Jordheim 2006, 
Schwartz et al. 2008). Hydroxyl groups react easily to changes in pH, and 
methoxylated and/or glycosylated anthocyanins are more stable to changes in 
pH than anthocyanins with many free hydroxyl groups (Jackman & Smith 1996, 
Andersen & Jordheim 2006, Schwartz et al. 2008). 
 
Fig. 6 Anthocyanin structures present in aqueous solution at different pH: A, 
quinonoidal base (blue); AH+, flavylium cation (red); B, carbinol (pseudo)base 
(colorless); C, chalcone (colorless). Adapted from Schwartz et al. 2008. 
High temperature, oxygen, and light enhance anthocyanin degradation 
(Markakis 1982, Jackman & Smith 1996, Andersen & Jordheim 2006, 
Schwartz et al. 2008). Especially the effect of temperature on anthocyanin 
stability has been studied widely (Ahmed et al. 2004, Kirca et al. 2006, 
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Sadilova et al. 2006, Sadilova et al. 2007, Yang et al. 2008, Patras et al. 2010, 
Hellström et al. 2013). Thermal degradation usually follows first-order reaction 
kinetics (Jackman & Smith 1996, Ahmed et al. 2004, Kirca et al. 2006, Yang et 
al. 2008, Patras et al. 2010). However, the exact mechanisms are not fully 
understood, and it seems that the degradation is affected by many variables 
including the anthocyanin involved, temperature, and protective effects of other 
compounds in the mixture (Jackman & Smith 1996, Schwartz et al. 2008). 
Hydroxyl, methoxyl, or glycosyl substituents have the same effect on thermal 
stability as they have for pH stability (Jackman & Smith 1996, Schwartz et al. 
2008, Zhao et al. 2014). Oxygen degrades anthocyanins either by direct 
oxidation or indirect oxidation of other compounds in the mixture, which then 
react with anthocyanins (Jackman & Smith 1996, Schwartz et al. 2008). Light 
degrades anthocyanins and it also increases thermal degradation rates (Jackman 
& Smith 1996, Schwartz et al. 2008). Substitution at the C5 hydroxyl group 
increases the anthocyanin’s susceptibility to photodegradation (Jackman & 
Smith 1996, Schwartz et al. 2008). 
Sugars and their degradation products accelerate anthocyanin degradation 
when present in relatively low concentrations. The rate of anthocyanin 
degradation in these conditions seems to be very similar to rate of sugar 
degradation to furfural. The mechanism of this reaction is not known but the 
reaction produces colorless or brown compounds. When the concentration of 
sugars is high, they seem to stabilize anthocyanins and this effect is thought to 
be a result of lowered water activity. Also, complexation of anthocyanins with 
metal ions such as calcium, iron, aluminum, and tin seems to stabilize 
anthocyanins and change their spectral properties. (Markakis 1982, Jackman & 
Smith 1996, Schwartz et al. 2008) 
Anthocyanins form complexes with themselves and other organic 
compounds such as other flavonoids, proteins, tannins, and polysaccharides and 
this process is called copigmentation. In these complexes, the anthocyanin 
color may be altered by shifts of the absorption maxima and also the maximum 
absorption may be increased. Copigmentation usually increases anthocyanin 
stability during processing and storage. Especially in winemaking, the 
copigmentation of anthocyanins with themselves produces covalent linkages 
between the molecules and the resulting anthocyanin polymers are more stable 
than monomeric anthocyanins. Also, covalent linkage to other compounds, for 
example, pectin or starches, may produce more stable colored compounds but 
condensation reactions can also result in a loss of color if the conjugated 
double bond system is disrupted. (Osawa 1982, Jackman & Smith 1996, 
Schwartz et al. 2008) 




Betalains are N-heterocyclic water-soluble pigments found in certain plant 
families of the order Caryophyllales or the older name Centrospermae. 
Betalains and anthocyanins have never been found in the same plant and it 
seems that the biosynthetic routes of these two pigment groups are mutually 
exclusive. (Jackman & Smith 1996, Strack et al. 2003, Schwartz et al. 2008) 
2.1.4.1 Structure 
Betalains can be described as condensation products of a primary or secondary 
amine with betalamic acid. The general structure of betalains and betalamic 
acid are shown in figure 7. Betalains can be divided into two groups depending 
on the substitution of the amine group. In betacyanins, there is an aromatic ring 
in the form of a cyclodopa group and in betaxanthins, the substitution is an 
amine or amino acid. The aromatic ring in betacyanins extends the conjugation 
of the chromophore and their absorption maximum is around 540 nm (red or 
violet), whereas the absorption maximum of betaxanthins is about 480 nm 
(yellow). (Jackman & Smith 1996, Schwartz et al. 2008) 
 
Fig. 7 Structure of betalamic acid (a) and general structure of betalains 
showing the structural transformation of the chromophore (b). Adapted and 
combined from Jackman & Smith 1996, Schwartz et al. 2008. 
Similar to anthocyanins, betacyanins exist in nature as glycosides, and the most 
common aglycones are betanidin and its C15 epimer, isobetanidin. The most 
common glycosyl group is glucose, which when attached to betanidin or 
isobetanidin, forms betanin or isobetanin. Other common sugars are sophorose 
and rhamnose. As with anthocyanins, the sugar residues can also be acylated, 
by, for example, sulfuric, malonic, citric, ferulic, caffeic, p-coumaric or sinapic 
acids. Structures of betanidin, betanin, and amaranthin are shown in figure 8. 
Betanin is the dominant pigment in red beet (Beta vulgaris) and amaranthin in 
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amaranth (Amaranthus sp.). Contrary to betacyanins, betaxanthins are usually 
present as free aglycones in nature. As the R group in betaxanthins is an amine 
or amino acid, there are potentially hundreds of possible structures, although 
only a few have been characterized so far. The first characterized betaxanthin 
was indicaxanthin from cactus pear (Opuntia ficus-indica), in which the amino 
acid is proline. Two betaxanthins have been found in red beet, vulgaxanthins I 
and II, in which the condensed amino acids are glutamine and glutamic acid, 
respectively. Structures of these three common betaxanthins are shown in 
figure 9. (Jackman & Smith 1996, Schwartz et al. 2008) 
 
Fig. 8 Structures of betanidin, betanin, and amaranthin. C15 epimers are also 
found in nature, and they are isobetanidin, isobetanin, and isoamaranthin, 
respectively. Adapted from Schwartz et al. 2008. 
2.1.4.2 Functions and bioactivity 
As betalains seem to replace anthocyanins in plants that produce them, it could 
be reasonable to assume that they share similar functions. Indeed this seems to 
be true and betalains have the probable main function of producing color to 
flowers and fruits (Stafford 1994, Jackman & Smith 1996, Stintzing & Carle 
2004, Stintzing & Carle 2008). They also have other functions similar to 
anthocyanins such as taking part in plant defense mechanisms, photoprotection, 
and acting as antioxidants (Stafford 1994, Jackman & Smith 1996, Stintzing & 
Carle 2004). Especially in red beet, the root contains high amounts of betanin, 
which is concentrated on the peel of the root, and here the function of betanin 
could be increased pathogen resistance (Stintzing & Carle 2004). One proposed 
function of betalains is that they could act as nitrogen reservoirs, and this 
hypothesis is supported by the presence of betalain-specific decolorizing 
enzymes in some plants (Kumon et al. 1990, Jackman & Smith 1996). 




Fig. 9 Structures of indicaxanthin (a) and vulgaxanthins I and II (b). Adapted 
from Schwartz et al. 2008. 
Just like with other plant colorants, betalains continue to have antioxidative 
properties also when ingested. Especially antioxidant properties of beet extracts 
and betalains from beet have been studied (Stintzing & Carle 2004, 
Suganyadevi et al. 2010, Pavokovic & Krsnik-Rasol 2011, Wroblewska et al. 
2011, Kazimierczak et al. 2014, Vulic et al. 2014). In a physiological-based 
study, red beet crisps fed to rats on dyslipidaemic diets showed clear positive 
effects on the serum cholesterol and triacylglycerol levels (Wroblewska et al. 
2011). Beetroot juice has also been found to have anticancer activity 
(Kazimierczak et al. 2014). However, in some studies, the antioxidant activities 
of red beet extracts have not been attributed specifically to betalains but 
possibly on flavonoid compounds present in the extracts (Suganyadevi et al. 
2010). Also antioxidant properties of betalains from other plants, such as 
amaranth and cactus pear, have been studied (Cai et al. 2003, Stintzing & Carle 
2004). Some relations with betalain structure and free radical scavenging 
ability have also been studied and hydroxyl, imino, and glycosyl groups seem 
to have effect on the activity (Cai et al. 2003). 
2.1.4.3  Stability 
The stability of betalain pigments is influenced by many factors including pH, 
temperature, oxygen, water activity, and light, similarly to other natural 
pigments (Von Elbe et al. 1974, Jackman & Smith 1996, Herbach et al. 2006, 
Schwartz et al. 2008). A majority of research has been done with betacyanins 
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(and mainly betanin from red beet), and only a few studies focus on 
betaxanthins. Contrary to anthocyanins, pH values between three and seven do 
not markedly affect the color of betacyanins (Jackman & Smith 1996, Herbach 
et al. 2006, Schwartz et al. 2008). Below pH 3, the color of betanin shifts 
towards violet and above pH 7 the color shifts towards blue (Von Elbe et al. 
1974, Jackman & Smith 1996, Schwartz et al. 2008). In alkaline conditions 
(above pH 10), betanin degrades to yellow betalamic acid and colorless 
cyclodopa-5-O-glucoside (Jackman & Smith 1996, Herbach et al. 2006, 
Schwartz et al. 2008). This reaction is reversible and the pigment may be 
partially regenerated by mild heating at optimum pH of 4–5 (Jackman & Smith 
1996, Schwartz et al. 2008). Betanin is also degraded at very acidic conditions 
(Herbach et al. 2006). Betaxanthins from Celosia argentea were found to be 
stable in a similar pH range than betacyanins with maximum stability at pH 5.5 
(Cai et al. 2001). 
Thermal degradation of betalains above temperatures of 50 °C is probably 
the main problem that restricts their use as food colorants. Thermal degradation 
of betacyanins (mainly betanin from red beet) has been studied widely (Von 
Elbe et al. 1974, Cai et al. 1998, Han et al. 1998, Cai et al. 2001, Herbach et al. 
2004, Herbach et al. 2006). Some thermal degradation pathways of betanin are 
quite well known, and these pathways are shown in figure 10. Heating of 
betanin causes the same degradation to betalamic acid and cyclodopa-5-O-
glucoside than alkaline pH, and the reaction is similarly reversible (Jackman & 
Smith 1996, Herbach et al. 2004, Herbach et al. 2006, Schwartz et al. 2008). 
Other thermal degradation pathways are various decarboxylation reactions and 
removal of the glycoside unit (Jackman & Smith 1996, Herbach et al. 2004, 
Herbach et al. 2006, Schwartz et al. 2008). It has also been found out that pH 
affects thermal degradation rates with maximum betanin thermal stability at pH 
4–5 in anaerobic conditions and at pH 5–6 in aerobic conditions (Von Elbe et al. 
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The effect of water activity on betanin stability has been studied and drying to 
water activities of 0.37 or below greatly increases betanin stability (Pasch & 
Von Elbe 1975, Jackman & Smith 1996, Cai et al. 1998, Cai & Corke 2001, 
Herbach et al. 2006, Schwartz et al. 2008). The drying method has also an 
effect on betanin stability with freeze-drying or fast-drying in an oven at 70–
80 °C and this produces more stable dried pigments than by natural air drying 
or solar drying (Cai & Corke 2001). Light and oxygen have both been shown to 
degrade betanin by around 15 or 16 percent, respectively, in six days at 15 °C 
and these effects are additive for a combined loss of 29 percent (Von Elbe et al. 
1974). Photooxidation of betanin seems to be also dependent on the pH with 
degradation being greater at pH 3 than at pH 5 (Jackman & Smith 1996). 
Matrix effects also play a role in betanin stability, as sucrose at concentrations 
above 16 percent increased degradation of Amaranth betacyanin pigments (Cai 
& Corke 1999). On the other hand, addition of ascorbic acid in betanin juice at 
pH 3.8 or metaphosphoric acid or gluconic acid at pH 6.2 enhanced 
regeneration of thermally degraded betanin pigments (Han et al. 1998). Also 
betanin in red beet juice and red beet puree showed better thermal stability than 
betanin in buffer solution, which suggests a protective matrix effect (Von Elbe 
et al. 1974). 
2.2 Microencapsulation of food ingredients 
Microencapsulation in its many forms has been used in the food industry for 
several decades (Gibbs et al. 1999, Gouin 2004, Desai & Park 2005). Earlier, 
the reasons for microencapsulation of food ingredients were quite simple. 
Microencapsulation merely masks unpleasant flavors and converts liquid 
ingredients into solid form (Gouin 2004). However, in recent years, the 
techniques have been developed further and possibilities have expanded greatly. 
Nowadays, there are multiple reasons to apply microencapsulation (Desai & 
Park 2005): 
 to protect the ingredient from degradation 
 to decrease the transfer rate of ingredient to the outside environment 
 to modify the physical properties of the ingredient 
 controlled release of the ingredient from the capsule 
 to mask unpleasant flavors 
 to dilute the ingredient but still achieve uniform dispersion 
 to separate ingredients from each other and prevent their reactions 
Especially, controlled release has emerged as an interesting concept allowing 
the release of ingredients where and when needed (Gouin 2004). This concept 
has much more potential in the drug industry where microencapsulation is also 
used widely. Nevertheless, it also broadens the application range of various 
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food ingredients and it is also a way to produce totally new ingredients with 
unique properties (Gouin 2004). 
Microcapsules can be classified based on their structure and morphology. 
One widely used classification is based on the number of core particles and 
wall layers. The simplest form is a spherical core particle, which has a uniform 
layer of wall material surrounding it. The core may also have multiple layers of 
the same or different wall materials, in which case it is called a multi-wall or 
multi-layer capsule. The capsule can also have multiple cores, and usually in 
these kinds of multi-core or aggregate capsules the cores are embedded in a 
continuous matrix of wall material. Examples of these different types of 
microcapsules are shown in figure 11. The capsules may also be non-spherical, 
in which case they are usually irregular-shaped. The shape and type of capsule 
depends on the properties of core and wall materials and also on the 
encapsulation method used. (Gibbs et al. 1999, Desai & Park 2005) 
 
Fig. 11 Different types of microcapsules: A, single-wall or simple capsule; B, 
multi-wall or multi-layer capsule; C, multi-core or aggregate capsule. Core 
material is colored in grey and wall material in white. Adapted and combined 
from Gibbs et al. 1999 and Desai and Park 2005. 
2.2.1 Microencapsulation techniques 
Many different microencapsulation techniques are available for the food 
industry, and each has its own advantages and disadvantages. They have 
different requirements for the core and wall materials, and they can produce 
different sized microcapsules. A brief description of techniques most 
commonly used in food industry is presented here. It should also be noted that 
some techniques can be combined, for example, an active ingredient can first 
be incorporated into emulsion, which is then spray dried to produce a dry 
powder, and this powder can even be coated in a fluidized bed reactor. 
Obviously, the total cost-effectiveness has to be considered when using 
multiple techniques. 
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2.2.1.1 Spray drying and spray chilling 
Spray drying has been used in the food industry for more than 50 years and it 
still the most widely used technique for encapsulation of food ingredients 
(Gouin 2004, Desai & Park 2005). The reason why spray drying is so widely 
used is that it is a relatively simple and economical technique (Gibbs et al. 1999, 
Gouin 2004, Desai & Park 2005, Gharsallaoui et al. 2007). In principle, the 
core and wall materials are mixed in a liquid solvent, which is then atomized in 
a small nozzle and hot gas is blown at the same time to evaporate the solvent 
and produce a dry powder product (Gibbs et al. 1999, Desai & Park 2005, 
Gharsallaoui et al. 2007). 
In the food industry, the liquid solvent is nearly always water and the drying 
gas is usually air or sometimes an inert gas like nitrogen (Gibbs et al. 1999, 
Gouin 2004, Desai & Park 2005, Gharsallaoui et al. 2007). The main process 
parameters that can be optimized are feed temperature, feed flow rate, air inlet 
temperature, air flow, and air outlet temperature (Gharsallaoui et al. 2007). 
Feed temperature affects the viscosity of the solutions and in that way the 
atomization of the solution when sprayed, which is also affected by the feed 
flow rate (Gharsallaoui et al. 2007). Inlet air temperature and air flow affect the 
evaporation efficiency and product moisture content (Gharsallaoui et al. 2007). 
Low evaporation efficiency causes formation of dense walls and the particles 
retain high moisture contents and they may agglomerate or stick into the walls 
of the spraying chamber (Gharsallaoui et al. 2007). If the inlet air temperature 
is too high, water evaporates too quickly and the walls of particles crack and 
the core material is not completely encapsulated (Gharsallaoui et al. 2007). The 
outlet air temperature cannot be controlled directly but it can be used to 
monitor the process, as it depends on the air inlet temperature and the drying 
process, and ideally it should be 50–80 °C (Gharsallaoui et al. 2007). Recently, 
techniques called single droplet drying methods have been used to monitor the 
drying process and to help achieving optimal drying conditions (Schutyser et al. 
2012). 
Because water is the most common solvent in spray drying, suitable wall 
materials are restricted to compounds that are soluble in water at acceptable 
concentrations (Gibbs et al. 1999, Gouin 2004, Desai & Park 2005, 
Gharsallaoui et al. 2007). If the solid content of the mixture is low, there is 
more water to evaporate, which needs a lot of energy and increases the cost of 
the process (Gibbs et al. 1999, Gouin 2004, Desai & Park 2005, Gharsallaoui et 
al. 2007). Commonly used wall materials are thus water-soluble carbohydrates 
such as maltodextrins, gum acasia, chitosan, and modified starches or mixtures 
of these (Gibbs et al. 1999, Gouin 2004, Desai & Park 2005, Gharsallaoui et al. 
2007, Estevinho et al. 2013). Other polysaccharides and some proteins can also 
be used as wall materials, and especially if they are mixed with some high 
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solubility compound, they can produce microcapsules with good properties 
through their better film-forming and other functional properties and the high 
solubility (low molecular weight) component produces adequate solids content 
in the mixture (Gibbs et al. 1999, Gouin 2004, Desai & Park 2005, 
Gharsallaoui et al. 2007, Estevinho et al. 2013). 
Spray chilling or spray cooling can be thought as a variant of spray drying. 
The process is very similar but instead of evaporating the solvent with hot air, 
microcapsules are formed by using wall material heated to its melting point as 
solvent, and cool air is used to solidify the wall material after atomization 
(Gibbs et al. 1999, Gouin 2004, Desai & Park 2005). Spray chilling or spray 
cooling usually produces aggregate type capsules (see figure 11) and not true 
layered microcapsules (Gouin 2004). Usually different kinds of vegetable fats 
or stearin with melting points between 45 and 122 °C are used as wall materials 
in spray- cooling and hydrogenated or fractionated vegetable oils with melting 
points between 32 and 42 °C in spray chilling (Gibbs et al. 1999, Desai & Park 
2005). The low melting points of wall materials in spray chilling may require 
special handling and storage conditions for the product to maintain the 
microcapsules in solid state (Gibbs et al. 1999). Due to the fatty wall materials 
used, the microcapsules are not soluble in water (Desai & Park 2005). However, 
the particles tend to have some active material also on their surfaces, so the 
release of water soluble core material begins almost immediately when the 
capsules are brought into aqueous environment (Gouin 2004). 
2.2.1.2 Fluidized bed coating 
Fluidized bed coating was developed originally for encapsulation of 
pharmaceuticals (Dewettinck & Huyghebaert 1999, Desai & Park 2005). The 
process is not as economical as, for example, in spray drying. In the food 
industry, the cost is a more restrictive factor than in the pharmaceutical industry, 
so some compromises need to be done in food applications to keep the cost 
acceptable (Dewettinck & Huyghebaert 1999, Desai & Park 2005). In fluidized 
bed coating, the core material has to be in powder form, and it is fluidized by 
blowing air upwards through the core material layer (Dewettinck & 
Huyghebaert 1999, Gibbs et al. 1999, Guignon et al. 2002, Gouin 2004, Desai 
& Park 2005). Coating or wall material is sprayed into the chamber either as a 
hot melt, which solidifies onto the core material particles or as an aqueous 
solution and hot air is used to evaporate the water (Dewettinck & Huyghebaert 
1999, Gibbs et al. 1999, Guignon et al. 2002, Gouin 2004, Desai & Park 2005). 
The coating material can be sprayed from above (top spray), from below 
(bottom spray or Wurster system) or from the side (tangential spray) 
(Dewettinck & Huyghebaert 1999, Guignon et al. 2002, Gouin 2004, Desai & 
Park 2005). Important process control variables are inlet air temperature and 
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velocity, coating material spray rate, and temperature, and atomization pressure, 
and environmental factors such as ambient air temperature and humidity also 
affect the process (Dewettinck & Huyghebaert 1999, Guignon et al. 2002, 
Desai & Park 2005). The particle size and especially particle size distribution 
of the core material before coating process are important factors because they 
affect how the fluidized bed layer is formed (Gibbs et al. 1999). Because the 
coating material can be applied either as a hot melt or as an aqueous solution, 
the variety of suitable coating materials is much greater than in many other 
encapsulation methods, but in food application carbohydrates, proteins, or fats 
are most commonly used (Dewettinck & Huyghebaert 1999, Guignon et al. 
2002, Gouin 2004, Desai & Park 2005). 
2.2.1.3 Extrusion 
Extrusion as a microencapsulation method should not be mixed with cooking 
and texturing processes of cereal products. Extrusion has been used mainly for 
encapsulation of flavor oils into a carbohydrate matrix (Gibbs et al. 1999, 
Gouin 2004, Desai & Park 2005). In the process, the core material is mixed into 
a molten carbohydrate mass, and the mixture is forced through a nozzle 
(extruder die) into a cooling and hardening solution, usually isopropanol, after 
which the extrusion product is dried and cut or ground to smaller pieces (Gibbs 
et al. 1999, Gouin 2004, Desai & Park 2005). Advantages of the method are 
that during the washing any residual core material not completely coated by the 
carbohydrate is removed and studies have reported stability of more than five 
years for citrus oil compared to about one year for spray dried product (Gibbs 
et al. 1999, Gouin 2004, Desai & Park 2005). Disadvantages are typically quite 
low payloads (less than 20 percent), which means that a substantial amount of 
carbohydrate is added to the food product, and relatively high particle size (up 
to 1 mm), which may be a hindrance as such large particles affect the mouth-
feel of the food product (Gouin 2004). 
2.2.1.4 Emulsification and liposomes 
Emulsions are mixtures of two (or more) immiscible liquid phases in which one 
liquid (the dispersed phase) is dispersed as small droplets in the other (the 
continuous phase). The two immiscible liquids are usually oil and water. Two 
types of simple emulsions are possible: oil-in-water (o/w) or direct emulsions, 
in which oil is dispersed in continuous water phase, and water-in-oil (w/o) or 
inverse emulsions, in which water is dispersed in continuous oil phase (Leal-
Calderon et al. 2007b, Tadros 2009). If the system contains three (or more) 
liquid phases, it is a double (or multiple) emulsion, which can be described as 
an emulsion within an emulsion (Leal-Calderon et al. 2007a, Jiao & Burgess 
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2008). Two major types of double emulsions can be classified – water-in-oil-
in-water (w/o/w) emulsions, which have water droplets dispersed into oil 
droplets dispersed into a continuous water phase, and oil-in-water-in-oil (o/w/o) 
emulsions, which have oil droplets dispersed into water droplets dispersed into 
a continuous oil phase (Leal-Calderon et al. 2007a, Jiao & Burgess 2008). As 
most foods are aqueous systems, simple o/w emulsions and double w/o/w 
emulsions that both have a continuous water phase offer the most potential in 
food applications. Emulsions are typically unstable or metastable systems 
because the immiscible liquid phases are forced in contact with each other and 
the small droplets of the dispersed phase require a lot of energy to produce and 
maintain (Leal-Calderon et al. 2007b, Tadros 2009). Emulsifiers are 
amphipathic molecules that position themselves in the interface of the emulsion 
phases and stabilize the interface through lowering the surface tension (Leal-
Calderon et al. 2007b, Hasenhuettl 2008, Tadros 2009). Emulsifiers also 
prevent the small droplets from merging together, which would eventually 
result in total separation of the liquid phases (Tadros 2009). 
Emulsification is usually a step in many other encapsulation methods if oil-
soluble and water-soluble components need to be mixed together. However, in 
some cases, no emulsifier is needed as when the process continues immediately 
and the emulsion only needs to be stable for a short period of time. This is the 
case for example in extrusion of flavor oils, where solidification of the 
carbohydrate matrix prevents phase separation and the system is no longer an 
emulsion. Emulsification can also be used as an encapsulation method itself. 
Liposomes are vesicles formed by phospholipids and they have an aqueous 
core surrounded by a double phospholipid layer, very much like the plasma 
membrane of cells (Gibbs et al. 1999, Desai & Park 2005). Liposomes can be 
used to encapsulate both hydrophilic (in the aqueous core) and hydrophobic (in 
the phospholipid bilayer) core materials, and they are relatively easy to produce 
(Gibbs et al. 1999, Gouin 2004, Desai & Park 2005). Other advantages of 
liposomes in food applications are that they are stable in aqueous environments 
and controlled release with a thermal trigger is easy because, at 50 °C, the 
phospholipids undergo phase transition and the liposomes are broken (Gouin 
2004, Desai & Park 2005). Major drawbacks are high costs involved in scaling 
up the processes and the lack of suitable and cost-effective drying methods, 
which means that liposomes usually need to be stored as dilute aqueous 
solutions (Gouin 2004, Desai & Park 2005). This is problematic for large-scale 
production and storage as an aqueous solution also raises the issue of 
microbiological shelf-life (Gouin 2004, Desai & Park 2005). 
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Spinning disk or centrifugal suspension separation is a relatively new 
encapsulation method (Gibbs et al. 1999, Desai & Park 2005). In the process, 
the core material is mixed with liquid or dissolved wall material and the 
suspension is fed onto a spinning disk in such conditions that the liquid forms a 
layer with thickness much smaller than the particle size of the core material 
(Gibbs et al. 1999, Gouin 2004, Desai & Park 2005). As the disk spins, the 
coated particles and much smaller residual particles of pure coating material are 
atomized at the edge of the disk, and due to their size difference, the 
microcapsules are easy to separate from the pure wall material particles, for 
example, by sieving (Gouin 2004). Since the process is continuous and quite 
fast and the equipment is relatively simple, the method is suitable for food 
applications (Gibbs et al. 1999, Gouin 2004, Desai & Park 2005). However, 
scaling up the process is challenging due to requirement of multi-head nozzles 
and the small nozzles would also cause frequent problems with clogging 
(Gouin 2004). 
2.2.1.6 Coacervation 
Coacervation involves mixing of the core material (typically flavor oil in food 
applications) and the coating polymer in the manufacturing solution followed 
by solidification of the wall material and subsequent drying of formed 
microcapsules (Gibbs et al. 1999, Desai & Park 2005, Ezhilarasi et al. 2013). 
There are many polymers available as wall materials but the most studied and 
well-known system is the gelatin/gum acacia system, which is based on 
opposite charges of the two polymers at low pH values causing the polymers to 
associate with each other (Gibbs et al. 1999, Gouin 2004, Desai & Park 2005). 
Solidification of the coating material can be achieved by adjusting the 
temperature (as in the gelatin/gum acacia system) or cross-linking through 
some chemical reaction (Gibbs et al. 1999, Gouin 2004, Desai & Park 2005, 
Ezhilarasi et al. 2013). Some problems with the technique in food industry are 
the relatively high cost and complexity of the method and the use of toxic 
glutaraldehyde in cross-linking of the wall material (Gouin 2004, Desai & Park 
2005, Ezhilarasi et al. 2013). The glutaraldehyde could be replaced with 
enzymatic cross-linking methods but these are yet very long reactions that 
increase the production cost (Gouin 2004, Desai & Park 2005). 
2.2.1.5 Spinning disk 
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2.2.2 Microencapsulation of natural colorants 
Natural colorants have been a target for microencapsulation for some time. Due 
to the low cost and efficiency of the process, spray drying is the most used 
method for encapsulating natural colorants (Kandansamy & Somasundaram 
2012). The pigment classes that have been studied most are carotenoids and 
anthocyanins, but also betalains have been encapsulated. The following review 
is focused on carotenoids and betalains because these colorants were studied in 
this thesis work. However, microencapsulation of anthocyanins is also an 
important research area as reviewed by Kandansamy and Somasundaram (2012) 
and Mahdavi et al. (2014). 
2.2.2.1 Microencapsulation of carotenoids 
Microencapsulation of carotenoids has been studied widely. Donhowe and 
Kong (2014) have reviewed β-carotene research with microencapsulation as 
one part of their review. As carotenoids are mostly oil soluble and most foods 
are aqueous systems, emulsification is a common method or part of it in 
carotenoid microencapsulation. Khalil et al. (2012) extracted lutein from 
marigold flowers with medium chain triacylglycerol oil and emulsified it with 
β-lactoglobulin as emulsifier and the emulsified lutein showed better stability 
in UV light at 365 nm than non-emulsified lutein. Losso et al. (2005) used 
random centroid optimization to determine optimal compositions for o/w 
emulsion containing lutein and lutein in the emulsion showed good storage and 
heat stability. The research group of Socaciu has studied incorporation of 
carotenoids into liposomes for many years and they have shown that 
carotenoids have an effect on the properties of the phospholipid membrane 
such as membrane fluidity and size of the liposomes (Socaciu et al. 2000, 
Socaciu et al. 2002, Pintea et al. 2005). They have also shown that carotenoids 
compete with cholesterol on incorporation into liposome membranes (Socaciu 
et al. 2000) and that incorporation yields are higher for free carotenoids than 
for carotenoid esters (Pintea et al. 2005). 
Some studies have used spray drying or freeze-drying in addition to 
emulsification to produce carotenoid-containing microcapsules. Rodriques-
Huezo et al. (2004) prepared double w/o/w emulsions containing carotenoid 
oleoresin in the oil phase and saponified carotenoids in the inner water phase, 
and the double emulsions were spray dried using various polysaccharides as 
wall material to produce microcapsules. They showed that microcapsules with 
higher polysaccharide:primary emulsion ratios had better morphology and 
encapsulation efficiency and larger particle size, but also higher carotenoid 
degradation kinetics than microcapsules with a lower polysaccharide:primary 
emulsion ratio (Rodriguez-Huezo et al. 2004). They also found out that 
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microcapsules stored at a water activity of 0.628 had lowest carotenoid stability 
with carotenoid stability being better at higher or lower water activity. Guo et 
al. (2014) used ultrasonic homogenization to incorporate lycopene in o/w 
emulsion, which was then freeze-dried with mannitol as wall material. The 
freeze-dried microcapsules retained 80 percent of lycopene after storage at 4 °C 
for two months whereas the control (free lycopene) retained less than 10 
percent of lycopene (Guo et al. 2014). Wenzel et al. (2010) spray dried and 
freeze-dried egg yolk (a natural emulsion) containing carotenoids and stored 
the microcapsules at 20 °C and -18 °C for six months. Storage at both 
temperatures decreased the total carotenoid content of both types of 
microcapsules to roughly 60–70 percent and the retention of carotenoids at -
18 °C was only slightly better than at 20 °C (Wenzel et al. 2010). 
Many studies have also been made on bioavailability of carotenoids in 
emulsions. Salvia-Trujillo et al. (2013) studied the effect of droplet size on 
simulated lipid digestion and bioaccessibility of β-carotene in o/w emulsions. 
The droplet sizes increased during the simulated lipid digestion and the rate and 
extent of digestions as well as bioaccessibility of β-carotene increased with 
decreasing initial emulsion droplet size (Salvia-Trujillo et al. 2013). Khalil et al. 
(2012) studied bioavailability of lutein dispersed in oil and lutein in spray dried 
emulsion by analyzing lutein levels in blood after ingesting the preparates. 
They showed a better lutein bioavailability from oil than from spray dried 
emulsion, and speculated about possible reasons for a lower bioavailability 
from spray dried emulsion either as changes in the absorption or instability of 
the microcapsules in the gastrointestinal system that are mainly due instability 
of the emulsion in low pH (Khalil et al. 2012). Gorusupudi and Vallikannan 
(2012) and Sato et al. (2011) have studied lutein bioavailability by rat studies. 
Gorusupudi and Vallikannan (2012) showed a better bioavailability of lutein 
dispersed with glycolipids than lutein dispersed with phospholipids, neutral 
lipids, or crude lipids. Sato et al. (2011) showed better lutein absorption from 
o/w emulsion when fed to rats with food intake as opposed to feeding the lutein 
emulsion alone and hypothesized that bile acids and some food components 
play an important role in the absorption mechanism. Vishwanathan et al. (2009) 
compared the bioavailability of lutein from commercial supplements to lutein 
in o/w nanoemulsion and showed a better bioavailability of lutein in a 
nanoemulsion. There are also some patents concerning lutein preparations in 
emulsions with increased bioavailability (Ornelas Cravioto 2007, Montoya-
Olvera & Torres-Quiroga 2012). 
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2.2.2.2 Microencapsulation of betalains 
Although betalains are not as commonly found pigment compounds as 
carotenoids or anthocyanins, encapsulation of them has still been studied for 
many years. Since betalains are water-soluble, spray drying of aqueous 
solutions seems to be a widely used method for encapsulating betalains. Cai 
and Corke (2000) spray dried betacyanins from Amaranth using different 
maltodextrins, of dextrose equivalent (DE) 10–25 and starches as wall 
materials. All wall materials had better pigment retention at five percent 
relative humidity (RH) than at 32 percent RH (Cai & Corke 2000). At five 
percent RH the retention increased with increasing DE values, whereas at 32 
percent RH the retention increased with decreasing DE values, and this was 
thought to be due to differnet hygroscopicity of the wall materials (Cai & 
Corke 2000). Serris and Biliaderis (2001) stored spray dried beetroot pigments 
with maltodextrin (DE 5 or 20) or pullulan as wall material in various water 
activity and temperature conditions. They showed the highest betanin 
degradation at water activity of 0.64 regardless of wall material and storage 
temperature, and degradation was slower in higher or lower water activities 
(Serris & Biliaderis 2001). Degradation of betanin occurred also below the 
glass transition temperatures of the wall materials, although the degradation 
was slower when the wall material was in glassy state (Serris & Biliaderis 
2001). Pitalua et al. (2010) studied the antioxidant activity of spray dried 
beetroot juice stored at different water activities and they showed higher 
antioxidant activities but lower betalain concentrations for microcapsules 
stored for 45 days at water activities of 0.748 and 0.898 compared to 
microcapsules stored at water activities of 0.110, 0.326, and 0.521. Gandía-
Herrero et al. (2013) showed that spray dried betalains from Lampranthus 
productus using maltodextrin or chitosan as wall materials and the spray dried 
pigments had good stability and retained their antioxidant activity for storage in 
the dark for six months, especially when stored cold. 
Betalains from cactus pear (Opuntia ficus-indica) have been spray dried by 
several research groups (Saénz et al. 2009, Gandía-Herrero et al. 2010, Vergara 
et al. 2014). Saénz et al. (2009) searched for optimum spray drying conditions 
for pulp and ethanolic extracts of cactus pear fruits using maltodextrin of DE 
10 and inulin of degree of polymerization (DP) greater than 23 as wall 
materials and stored the microcapsules at 60 °C in the dark. Different core and 
wall material systems required slightly different spray drying conditions, and 
betalains in all systems showed slow degradation during storage at 60 °C with 
indicaxanthins being more stable than betacyanins (Saénz et al. 2009). Gandía-
Herrero et al. (2010) described a procedure for spray drying indicaxanthin from 
cactus pear, and the microcapsules were stable at least for six months when 
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stored in the dark at 20, 4, or -20 °C. Recently, Vergara et al. (2014) spray 
dried pulp and ultrafiltered cactus pear extracts using a commercial 
octenylsuccinate-derivatized starch as wall material and stored the 
microcapsules at 60 °C in the dark for 25 weeks. Betalains in spray dried 
ultrafiltered extracts showed better stability than betalains in spray dried pulp, 
which was attributed to mucilage and/or higher sugar content in pulp causing a 
difference in hygroscopicity and available water leading to accelerated 
degradation reactions in pulp microcapsules (Vergara et al. 2014). 
2.3 Summary 
Plants come in a huge variety of colors, and the compounds producing these 
colors are almost equally varied. Due to the great variation in structures and 
properties of these natural colorants, they offer lots of possibilities for use in 
different kinds of food matrices as added colorants. Although the properties of 
the four major plant colorant groups, chlorophylls, carotenoids, anthocyanins, 
and betalains are very different, there are some common properties as well. All 
of these colorants have antioxidative properties, which are related to many 
health benefits such as reduced risk of coronary heart disease and different 
types of cancer. Another common thing is that these compounds tend to be 
unstable, especially when incorporated in foods. 
The antioxidativity and related health benefits make natural plant colorants 
attractive options for food colorants, preferably replacing artificial food 
colorants. This would have two benefits as consumers are nowadays quite 
aware of health issues and artificial food colorants (and other additives) have a 
negative image. On the other hand, the instability of these natural colorants 
makes them less attractive choices, as the shelf-life of the products would be 
shortened, unless the stability could be improved. 
Different microencapsulation techniques offer potential ways to improve the 
stability of natural plant colorants and microencapsulation has been used 
successfully to improve the stability of natural colors. Furthermore, in some 
cases, it has been reported to improve the bioavailability as well. However, 
most of the studies have considered stability of the colorants only in the 
microcapsules, and not when incorporated into food. For example, most spray 
dried microcapsules probably lose their protective effect when incorporated in 
aqueous foods due to the wall materials being soluble in water. Therefore, these 
studies merely show improved stability for colorant preparations and not for 
colorants in foodstuffs. 
Future studies in the area of microencapsulation of natural colorants should 
consider also the stability of colorants when the microcapsules are incorporated 
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in foods. This may in many cases be significantly different than the stability in 
microcapsules. Also, if one of the reasons to use natural colorants is their 
potential health effects, they should be bioavailable when ingested. Therefore, 
the bioavailability of the natural colorants should also be studied, and not only 
from the microcapsules, but from the food matrix as well. Another important 
factor that should be studied is taste or flavor. The taste of food is a crucial 
factor for consumer acceptance, and for example, bitter and astringent phenolic 
compounds are easily co-extracted with anthocyanins, so the effect of added 
colorants to the flavor of food should also be studied. 
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3 AIMS OF THE STUDY 
The overall aim of this thesis study was to use microencapsulation techniques 
to improve the stability of natural colorant compounds. One hydrophobic 
(lutein) and one hydrophilic (betanin) compound were chosen as model 
substances. Other objectives were to extract pigments without using organic 
solvents, to study the composition and suitability of polar lipid fraction from 
oat as an emulsifier, to study the stability of pigments in model foods, and to 
perform preliminary studies on bioavailability of pigments and consumer 
acceptance of model foods containing them. Specific sub-aims for the separate 
studies were: 
I. To study the composition and emulsifier properties of polar lipid 
fraction from oat (Avena sativa) and preliminary production of o/w 
emulsions containing lutein in the oil phase. 
II. To optimize the enzyme assisted oil extraction of lutein from marigold 
(Tagetes erecta) flowers, prepare o/w emulsions and spray dried 
emulsions with lutein in the oil phase, and to assess the stability of lutein 
during storage in oil and in wet and dried emulsions. 
III. To prepare w1/o/w2 double emulsions containing betanin from red beet 
(Beta vulgaris) in the inner w1 phase and carry out a preliminary 
bioavailability study using a simulated in vitro intestinal lipid digestion 
model. 
IV. To optimize the extraction method of betanin from industrial red beet 
(Beta vulgaris) peeling by-product, prepare model juices colored with 
spray dried betanin, study the stability of betanin in these model juices 
during storage and study the consumer acceptance of model juices 
colored with betanin. 
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4 MATERIALS AND METHODS 
4.1 Plant material 
Marigold flowers (Tagetes erecta) used for lutein extraction (study II) were 
grown in Rymättylä, Finland. Red beet (Beta vulgaris) used for betanin 
extraction were either bought at a grocery store (studies III and IV) or an 
industrial red beet peeling by-product received from Orkla Foods Finland Oy 
(Turku, Finland) was used (study IV). 
The oat polar lipid fraction used as an o/w emulsifier (studies I, II, and III) 
was extracted from oat flakes (Avena sativa, var Roope) using a supercritical 
fluid process described by Aro et al. (2007b). The composition of the oat polar 
lipid used as an o/w emulsifier was analyzed in study I by HPLC fractionation 
using a modified method described by Kurvinen et al. (2000). An LC-9A 
(Shimadzu, Kyoto, Japan) pump with a LiChro-CART® 250-10 Lichrospher® 
Si 100 (5 µm) column (Merck KGaA, Darmstadt, Germany) was used to 
fractionate oat polar lipids into six fractions in two steps. The first step was 
fractionation into three fractions (1, 2, and 3) using an isocratic mixture of 
chloroform:methanol:2-propanol:water (65:30:1:5) as eluent with a flow rate of 
3 ml/min. The second step was a further division of fraction 1 into four 
subfractions (1a, 1b, 1c, and 1d) using an isocratic mixture of 
chloroform:methanol:2-propanol (76:13.5:0.5) as eluent with a flow rate of 3 
ml/min. Before actual fractionation, a Sedex 55 (S.E.D.E.R.E., Alfortville, 
France) electronic light scattering detector (ELSD), and a C-R3A Chromatopac 
integrator (Shimadzu, Kyoto, Japan) were used for method optimization and 
identification of peaks and retention times. After fractionation, the fractions 
were evaporated under a stream of nitrogen gas with mild heating, weighed, 
and dissolved in chloroform:methanol (2:1). Identification of fractions was 
performed with a Li-ChroCART® 250-4 Lichrospher® Si 60 (5 µm) column 
(Merck KGaA, Darmstadt, Germany) using the same isocratic solvent mixtures 
as for fractionation with a flow rate of 0.5 ml/min. Retention times were 
compared with standards, digalactosyldiacylglycerol (DGDG), and 
monogalactosyldiacylglycerol (MGDG) from Sigma-Aldrich (St. Louis, 
Missouri, USA) and steryl glucoside (SG) and phospholipid mixture POL mix 
71 (consisting of phosphatidyl choline (PC), phosphatidyl ethanolamine (PE), 
phosphatidyl inositol (PI), phosphatidyl serine (PS), and phosphatidyl glycerol 
(PG)) from Larodan AB (Malmö, Sweden). Tentative identifications were 
verified with coinjections. 
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4.2 Extraction of pigments 
In study II, lutein was extracted from marigold flowers using an enzyme-
assisted oil extraction procedure, which was first developed in an earlier project 
funded by TEKES (Aro et al. 2007a). Marigold flowers were suspended in 
water at a proportion of 1:9 and they were treated with 10 ml/l cellulase 
(Econase CE, AB Enzymes, Darmstadt, Germany, activity 2330 U/ml) and 10 
ml/l pectinase (Pectinex Ultra SP-L, Novozymes, Bagsvaerd, Denmark, activity 
9500 U/ml) at 20–25 °C for 18-24 hours with magnetic stirring and covered 
with aluminum foil. After the enzymes had broken the solid plant material, the 
water suspension was mixed with commercial rapeseed oil at proportion 5:1 at 
20–25 °C for 1 hour with magnetic stirring and covered with aluminum foil. 
The oil phase containing most of the lutein was separated from the water phase 
by centrifuging aliquots of the mixture at 1050 x g for 10 minutes, after which 
the oil was collected. The extraction with oil was repeated with fresh oil mixed 
with the same suspension. After centrifugation and collection of oil, the two oil 
extracts were combined and stored in the dark at 4 °C until used in experiments. 
In study III, betanin was extracted from red beets with water. Whole beets 
were cut to approximately 1 cm3 cubes and extracted with water (proportion 
1:2) at 70 °C for 30 minutes with magnetic stirring and covered with aluminum 
foil. After extraction, the solid plant material was filtered out through a filter 
paper under vacuum and the extract was concentrated to 60 percent of original 
volume using a rotary evaporator. The concentrated extract was stored frozen 
in the dark at -20 °C until used for experiments. In study IV, the method was 
further optimized, and betanin was extracted from cut whole beets or industrial 
peeling by-product with water with magnetic stirring and covered in aluminum 
foil. Effects of temperature (40 or 80 °C), extraction time (5, 15, 30 or 60 
minutes), and proportion beet:water (1:1 or 1:2) on extraction efficiency were 
studied. After extraction, the suspension was filtered through a cloth and filter 
paper under vacuum to remove solid plant material. The extract from industrial 
peeling by-product was concentrated with a rotary evaporator from 2 °brix to 
10 °brix to increase solids content for spray drying. The extracts were stored in 
the dark at -20 °C until used in experiments. 
4.3 Encapsulation of pigments 
4.3.1 Preparation of o/w emulsions 
In studies I and II, o/w emulsions were prepared with citrate-phosphate buffer 
as water phase, rapeseed oil as oil phase, and polar lipid fraction from oat as 
emulsifier but the exact emulsion composition were slightly different. In study 
I, the water phase had a pH of 2.6 and it was prepared by mixing 0.1 M citric 
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acid solution, 0.2 M disodium hydrogen phosphate solution, and water in 
proportion 223:27:250, respectively. In preliminary studies (unpublished data), 
the oat emulsifier showed higher solubility in lower pH (test range 2.6–7.0), 
and therefore the lowest pH tested was chosen for preparation of emulsions. 
Oat emulsifier was dissolved in the buffer at 50 °C with magnetic stirring for 
one hour in three different concentrations: 2.5 mg/ml, 5 mg/ml, or 10 mg/ml. 
After cooling to room temperature, commercial rapeseed oil in three different 
concentrations: 10 mg/ml, 20 mg/ml, or 50 mg/ml (50 mg/ml only for the 
emulsion with 10 mg/ml emulsifier) was added and emulsions were prepared 
by homogenization with an Ultra-Turrax® T 25 Digital disperser with a S 25 
N–10 G dispersing tool (IKA®, Staufen, Germany) at a speed of 24,000 rpm 
for five minutes. Droplet sizes were measured by a light microscope attached 
with a digital camera (crude estimate), dynamic light scattering (DLS) using a 
Zetasizer Nano ZS (Malvern, Worcestershire, United Kingdom) with a 
scattering angle of 173° (backscattering) and Fraunhofer laser diffraction (LD) 
using a HELOS/KF with CUVETTE wet dispersing system (Sympatec, 
Clausthal-Zellerfeld, Germany). From some emulsions stored for three days, it 
was possible to separate the upper ‘cream’ phase and the lower ‘bulk emulsion’ 
phase, and droplet sizes were measured separately for these two phases. 
In study II, we used mixtures of different polysaccharides as stabilizers to 
prevent creaming of emulsions. In preliminary tests, many different 
polysaccharides and mixtures of them at different concentrations were tested, 
and mixtures of locust bean gum (LBG) and xanthan gum (XG) or guar gum 
(GG) and XG at a total concentration of 3 mg/ml (proportions 1:3 and 3:1 for 
both mixtures) seemed to work best (unpublished data). Because these 
polysaccharides are stable at pH 4–10 (Dreher 1999), a pH of 5.8 was chosen 
for the buffer instead of 2.6, and this buffer was prepared by mixing 0.1 M 
citric acid solution, 0.2 M disodium hydrogen phosphate solution, and water in 
proportion: 197:303:500, respectively. Oat emulsifier (concentration: 5 mg/ml) 
and polysaccharide mixtures were dissolved in the buffer with magnetic stirring 
at 50–60 °C for two hours replacing the evaporated water afterwards. 
Emulsions were prepared by adding 20 mg/ml of oil containing lutein esters 
into the water phase and homogenizing with a high speed mixer for five 
minutes. Two different types of equipment was used: an Ultra-Turrax® T 25 
Digital disperser with a S 25 N - 10 G dispersing tool at 24,000 rpm for small 
scale and a Magic LAB® dispersing system with micro-plant assembly and 6F 
blade at 16,000 rpm for pilot scale, both from IKA®, Staufen, Germany. After 
emulsification of the pilot batches, 200 mg/ml maltodextrin (MD) with DE 
12.5–15.5 was added to the emulsion, a small sample was taken for storage test 
to see the effect of added MD, and the rest of the batch was used for spray 
drying. A summary of emulsion and dried emulsion sample compositions, 
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sample codes, and emulsification equipment used is shown in table 1. In this 
study, we had no equipment available for particle size measurement, and the 
droplet sizes of emulsions were evaluated only with light microscope. 
Table 1 Sample codes for emulsion samples in study II, composition of 
stabilizers used in them and the equipment used for their emulsification. Total 
amount of GG + XG or LBG + XG is 3 mg/ml in each sample and the amount 
of MD is 200 mg/ml. GG = guar gum, XG = xanthan gum, LBG = locust bean 
gum, MD = maltodextrin. 
Sample code Stabilizer composition Emulsification equipment 
A GG + XG 3:1 Ultra-Turrax® 
B GG + XG 1:3 Ultra-Turrax® 
C LBG + XG 3:1 Ultra-Turrax® 
D LBG + XG 1:3 Ultra-Turrax® 
E GG + XG 3:1 + MD Magic LAB® 
F LBG + XG 1:3 + MD Magic LAB® 
G GG + XG 3:1 + MD, spray dried Magic LAB® 
H LBG + XG 1:3 + MD, spray dried Magic LAB® 
4.3.2 Preparation of w/o/w emulsions 
In study III, double w1/o/w2 emulsions with beet extract as the inner w1 phase 
were prepared. The primary w1/o emulsion was prepared by adding beet extract 
slowly into rapeseed oil containing 20 mg/g polyglycerol polyricinoleate 
(PGPR) with mixing at 10,000 rpm with a SilentCrusher M high-speed mixer 
(Heidolph, Schwabach, Germany) so that the amount of the inner water phase 
w1 was 0.3 ml/g of the total w1/o emulsion. This primary w1/o emulsion was 
slowly added to the outer water phase w2 with mixing at 13,000 rpm so that the 
amount of w1/o emulsion was 0.03 ml/g of the total double emulsion, and after 
the whole amount was added, the double emulsion was homogenized at 18,000 
rpm for five minutes. The outer water phase, w2, was a pH 5.8 citrate-
phosphate buffer prepared by mixing 0.1 M citric acid solution, 0.2 M 
disodium hydrogen phosphate solution, and water in proportion 197:303:500, 
respectively, containing 5 mg/g oat polar lipid emulsifier, 2 mg/g GG, 2 mg/g 
XG, and 39 mg/g glucose (for adjusting the osmolarity of the solution). The 
osmolarities of inner w1 and outer w2 water phases were measured with a 
Micro-Osmometer type 13 Autocal (Roebling, Berlin, Germany) and glucose 
was added to the outer water phase to balance the osmolarity of the inner and 
outer water phases. 
Encapsulation efficiency was measured by centrifuging a double emulsion 
sample at 3000 x g for 10 minutes and filtering the outer water phase through a 
Materials and Methods 
 
37
0.45 µm polytetrafluoroethylene (PTFE) syringe filter. The absorbance at 530 
nm of the filtered sample was measured with a Multiskan GO 
spectrophotometer (Thermo Scientific, Vantaa, Finland) against a blank sample 
made of a filtered (0.45 µm PTFE syringe filter) outer water phase and the 
value was compared with a standard curve prepared by adding calculated 
amounts of beet extract to the filtered (0.45 µm PTFE syringe filter) outer 
water phase corresponding to 95, 90, 80, 60, 40 or 0 percent encapsulation 
efficiency. Droplet sizes were measured by light microscope attached with a 
digital camera (crude estimate) and LD using a Mastersizer S equipped with a 2 
mW He–Ne laser of 633 nm and a 300RF lens (Malvern Instruments Ltd., 
Worcestershire, UK). Back-scattering measurements (scattering angle 173°) of 
the primary w1/o emulsion droplet size distribution were obtained by DLS 
using a Zetasizer Nano ZS equipped with a 4 mW He–Ne laser of wavelength 
633 nm (Malvern Instruments Ltd., Worcestershire, UK). 
4.3.3 Spray drying 
Spray drying was used in studies II and IV. In study II, the pilot scale 
emulsions were spray dried after adding 200 mg/ml MD (DE 12.5–15.5) to the 
emulsions using a Mini Spray Dryer B290 (Büchi, Flawil, Switzerland). The 
drying conditions were as follows: inlet air temperature, 150 °C; outlet 
temperature, 84 °C; air flow, 450 l/h; feed flow, 7 ml/min; aspirator, 37 m3/h; 
and nozzle orifice, 1.50 mm. The moisture contents of spray dried powders 
were analyzed by heating overnight at 100 °C and measuring the weight loss 
due to evaporated moisture. In study IV, MD (DE 6) was added to the 
concentrated beet extract as wall material and the solution was filtered through 
a milk filter bag and pasteurized for 10 minutes at 65 °C. Betanin was spray 
dried with a Mini Spray Dryer B290 (Büchi, Flavil, Switzerland) using the 
following conditions: inlet air temperature, 170 °C; outlet temperature, 67 °C; 
air flow, 450 l/h; feed flow, 6 ml/min; aspirator, 35 m3/h; and nozzle orifice, 
1.50 mm. The moisture contents of spray dried powders were analyzed by 
heating overnight at 100 °C and measuring the weight loss due to evaporated 
moisture. 
4.4 Storage tests 
Storage tests of the encapsulated pigments were conducted in studies II and IV. 
In study II, the samples (oil, o/w emulsions, and spray dried emulsions, see 
table 1 for a list of emulsions and dried emulsions) were stored in the dark at 
20–22 °C in plastic tubes, and the amount of lutein in samples was determined 
in triplicate after 0, 1, 2, 5 and 10 weeks of storage. For the extraction of lutein 
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and lutein esters, 1 ml of emulsion sample, 200 mg of dried emulsion sample 
+1 ml of water or 20 mg of oil +1 ml of water were transferred into a glass tube 
with a screw cap. 500 µl of saturated NaCl solution and 100 µl of 2 M citric 
acid solution were added to break the emulsion and help the extraction process. 
The tube was thoroughly mixed with a vortex mixer, after which 2 ml of 
hexane containing 0.2 mg/ml butylated hydroxytoluene (BHT) as an 
antioxidant was added, and the tube was shaken at 500 rpm for 10 minutes. The 
hexane and water phases were separated by centrifuging at 966 x g for 5 
minutes, after which the hexane phase was transferred to another tube 
containing 2 ml of 8.8 mg/ml aqueous KCl solution. The second tube was 
shaken at 500 rpm for 2 minutes and centrifuged at 966 x g for 5 minutes, after 
which the washed hexane phase was collected to a third tube. The contents of 
the first tube were extracted again with 2 ml of hexane containing 0.2 mg/ml 
BHT, and the procedure was repeated using the same tube and KCl solution in 
tube 2, and the hexane phases were combined in tube 3. Hexane was 
evaporated under a stream of nitrogen at 25–30 °C and the residue was 
dissolved in 1 ml of acetone and filtered through a 0.45 μm PTFE membrane. 
High performance liquid chromatography (HPLC) analysis of lutein content 
was performed using a combined and modified method described by Cano 
(1991) and Monreal et al. (1999). A liquid chromatograph (Shimadzu 
corporation, Kyoto, Japan) consisting of a GT-154 vacuum degasser, two LC-
10AT VP solvent delivery modules, an SIL-10A Auto injector with sample 
cooler, a CTO-10A column oven, an SPD-M10AVP diode array detector, and 
an SCL-10 A VP system controller was used with a reverse phase column Luna 
5u C18 (length 150 mm, inner diameter 3.00 mm, particle size 5 µm, and pore 
size 95 Å, Phenomenex, Torrance, CA, United States). The system was 
computer-controlled with a Labsolutions version 1.23 SP1 software (Shimadzu 
Corporation, Kyoto, Japan). A gradient mixture of methanol and water (75:25) 
as eluent A and ethyl acetate as eluent B was used that raised the percentage of 
B from 0 % to 70 % during 0–10 minutes, followed by a further rise to 100 % 
during 10–14 minutes, after which the initial conditions of 0 % B were restored 
during 14–20 minutes and the system was equilibrated for the following run 
during 20–35 minutes. The column was operated at 40 °C, the flow rate was 
kept constant at 1.0 ml/min, injection volume was 10 µl, and samples were kept 
at 8 °C in the sample cooler. Detection wavelength was 445 nm, and free lutein 
and lutein esters were quantified as free lutein using a calibration curve made 
using different concentrations of an external standard of free lutein in acetone. 
In study IV, model juices were prepared and colored with spray dried 
betanin and stability of betanin and changes in some properties of model juices 
during storage at different temperatures were studied. Model juices were 
prepared to mimic real juices but with a very simple composition. The base 
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mixture of each juice was a solution of 9 g/l citric acid and 0.3 g/l ascorbic acid. 
The pH of the base mixture was adjusted to either 3.4 or 5.0 with 1 mol/l 
NaOH solution and spray dried betanin powder was added at a concentration of 
either 0.7 g/l or 1.4 g/l. Juices were sweetened either with 10 g/l sucrose or 4 
g/l commercial stevia product containing 9.1 percent steviol glycosides 
(Canderel Green, Merisant, Switzerland) to produce two kinds of juices with 
equal sweetness but different dry matter contents. The juices were pasteurized 
for 10 minutes at 65 °C before packing into polypropylene (PP) cans with 
aluminum lids or PP tubes with PP caps. A summary of different juice 
compositions and storage packages is shown in table 2. The juices were stored 
in the dark at -20 °C, 4 °C, 20–24 °C (later referred as 20 °C), and 60 °C 
(accelerated test) and samples were taken for analysis weekly during the first 
month and then once a month for juices stored at 20 °C or 60 °C. For juices in 
cold storage, samples were taken after two, three, four, or five months. The 
spray dried betanin powder was also stored at 20 °C and 60 °C in a sealed 
plastic bag and a 0.7 g/l aqueous solution was prepared and analyzed similarly 
to juice samples after four or six months. 
The pH, °brix, UV spectrum (350–600 nm) and betanin content were 
measured at each time point. Betanin content was measured from a filtered 
(0.45 µm PTFE syringe filter) sample with HPLC analysis using a modified 
method from Herbach et al. (2004). A liquid chromatograph (Shimadzu 
corporation, Kyoto, Japan) consisting of a GT-154 vacuum degasser, two LC-
10AT VP solvent delivery modules, an SIL-10A Auto injector with sample 
cooler, a CTO-10A column oven, an SPD-M10AVP diode array detector, and 
an SCL-10 A VP system controller was used with a reverse phase column Luna 
5u C18 (length 150 mm, inner diameter 3.00 mm, particle size 5 µm and pore 
size 95 Å, Phenomenex, Torrance, CA, United States). The system was 
computer-controlled with a Labsolutions version 1.23 SP1 software (Shimadzu 
Corporation, Kyoto, Japan). A gradient mixture of 0.2 % aqueous formic acid 
as eluent A and acetonitrile as eluent B was used, starting with 100 % A for 0–
4.9 minutes, then raising percentage of B from 0 % to 7 % during 4.9–7 
minutes, followed by further raises to 10 % during 7–10 minutes, to 30 % 
during 14–17.5 minutes and to 100 % during 17.5–19.6 minutes, after which 
the initial conditions of 0 % B were restored during 19.6–23.1 minutes and the 
system was equilibrated for the following run during 23.1–26.6 minutes. The 
column was operated at 40 °C, the flow rate was kept constant at 1.0 ml/min, 
the injection volume was 5 µl and samples were kept at 8 °C in the sample 
cooler. The detection wavelength was 535 nm, and peak areas of betanin and 
isobetanin in samples were added together and compared between different 
time points to study betanin degradation during storage. 
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Table 2 Summary of storage test juices in study IV. 
Juice pH betanin sweetener container 
ST1 3.4 0.7 g/l sucrose PP can + aluminum lid 
ST2 3.4 0.7 g/l stevia PP can + aluminum lid 
ST3 5.0 1.4 g/l sucrose PP tube + PP cap 
ST4 5.0 1.4 g/l stevia PP tube + PP cap 
4.5 In vitro intestinal lipid digestion 
In study III, an in vitro intestinal lipid digestion was performed as described by 
Marze et al. (2012) using only the intestinal step as the interest was to 
understand the role of lipase and bile salt during digestion. The digestion 
medium was a 130 mmol/l NaH2PO4 buffer (pH 7.5) with 20 mg/ml sodium 
glycodeoxycholate (a bile salt) and 1 mg/ml pancreatic lipase was used to 
mimic the intestinal step of the gastrointestinal tract. Equal volumes of freshly 
prepared double emulsion and digestion medium were mixed together and the 
digestion was performed at 37 °C under magnetic stirring. Samples were taken 
with a micropipette for measurements of droplet size (LD) and encapsulated 
betanin (spectrophotometry) at 0, 30, 60, 90, 120, and 180 minutes of digestion 
using the same methods as described in section 4.3.2. Microscopic 
investigation was also done at 0, 10, 20, 50, 80, 110, and 170 minutes of 
digestion. A control experiment was done in the same conditions, but without 
the bile salt and lipase. The control experiment was measured only at 0 and 180 
minutes. 
4.6 Sensory evaluation 
Sensory evaluation of model juices colored with spray dried betanin was 
carried out in study IV. Similarly to storage test juices in this study, the base 
mixture of each model juice was a solution of 9 g/l citric acid and 0.3 g/l 
ascorbic acid and all of the juices were sweetened with 10 g/l sucrose. The pH 
of the base mixture was adjusted to either 3.4 or 5.0 with 1 mol/l NaOH 
solution and colorants were added to produce either a ‘weak’ or a ‘strong’ color. 
Three different colorants were used in the study: spray dried betanin powder 
(same as in storage test juices), beet extract (extracted from cut whole beets as 
described in section 4.2), and a concentrated anthocyanin extract (from grapes, 
provided by Eckes-Granini Finland Oy Ab). The aim of using different 
colorants was to compare the consumer acceptance of betanin color with 
anthocyanin color and to see if there is any difference between spray dried 
betanin and beet extract used as such, mainly for possible off-odors and off-
flavors derived from beet. The weak and strong colors were adjusted to 
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correspond to the maximum UV absorbance of 0.7 g/l and 1.4 g/l spray dried 
betanin solutions, respectively. A total of six different model juices were used 
in the study and the compositions of these juices are shown in table 3. Two of 
the sensory evaluation juices are the same as juices used in the storage test 
except that the sensory evaluation juices were not pasteurized as the sensory 
evaluations were carried out within 2 days of model juice preparation (SE1 is 
ST1 and SE3 is ST3). 
Table 3 Summary of sensory evaluation juices in study IV. 
Juice pH colorant color 
SE1 3.4 spray dried betanin 0.7 g/l weak 
SE2 3.4 spray dried betanin 1.4 g/l strong 
SE3 5.0 spray dried betanin 1.4 g/l strong 
SE4 3.4 beet extract 1:50 dilution strong 
SE5 3.4 anthocyanin 1:2500 dilution weak 
SE6 3.4 anthocyanin 1:1250 dilution strong 
  
70 voluntary subjects (age 19–65; 43 females; 27 males) were recruited to the 
consumer acceptance test. They rated the pleasantness of appearance, odor, and 
taste of the model juices on a 7-point balanced hedonic scales (from 
1=extremely unpleasant to 7=extremely pleasant). Subjects were also asked to 
give free-form comments on appearance, odor, and taste of the samples and 
they rated also the question: ‘How important it is to you whether added colors 
in the juice are natural?’ on a scale from 1 (not important) to 5 (extremely 
important). The samples were presented in randomized order and data was 
collected using the Compusense-five software. Tests were carried out in 
controlled sensory laboratory conditions (ISO8589). 
4.7 Statistical analysis 
All analyses were done either in duplicate or in triplicate. Statistically 
significant differences between storage test samples in studies II and IV and 
between sensory evaluation sample ratings in study IV were analyzed with one-
way analysis of variance (ANOVA) together with Tukey’s test using IBM® 
SPSS® Statistics version 21 software (IBM Corporation, Armonk, NY, United 
States). The external free lutein standard curve in study II was made with eight 
concentration points ranging from 0.58 to 13.1 µg/ml and each point was 
calculated as a mean value of five replicate analyses. Encapsulation efficiency 
standard curve in study III was made with six points and each point was 
calculated as a mean value of four replicate measurements. In study IV, 
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Principal component analysis (PCA) was used to study the individual liking 
ratings (X) for six sensory samples. Principal component regression (PCR) and 
partial least squares regression (PLS) was used to study the interactions 
between the consumer comment frequencies or instrumental measurements (X-
data in PCR and PLS, respectively) and averaged liking ratings (Y). Cross 
validation was used to estimate the number of components for a statistically 
reliable model. Multivariate models were conducted using Unscrambler 10.3 
(Camo Process AS, Oslo, Norway). 
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5 RESULTS AND DISCUSSION 
5.1 Composition of oat polar lipid emulsifier 
The composition of the oat polar lipid fraction used as an o/w emulsifier was 
analyzed in study I. On the two fractionation steps, some minor peaks were not 
collected in any of the fractionations 1–3 (step 1) or subfractions 1a–1d (step 2) 
and some compounds may have been left uneluted. Thus, the mass proportions 
of the weighed fractions represent only crude estimates on the relative 
proportions of the identified compounds on the original sample. Based on co-
injections, fraction 1b contained MGDG and SG, fraction 1d contained DGDG, 
and fraction 2 contained PC. Compounds in fractions 1a, 1c, and 3 could not be 
identified with the reference compounds used, and fractions 1b, 1d, and 2 also 
contained some unidentified compounds. Based on retention times, fraction 1 
may also contain PI but the solvent system used in the second fractionation step 
did not include water and therefore could not elute PI into any of the 
subfractions 1a–1d. The effect of water on elution of PI was realized only after 
most of the fractionation work was already done and the presence of PI in the 
original sample was not verified with co-injection. Crude mass proportions of 
the fractions and subfractions are shown in figure 12, and based on these 
 
Fig. 12 Crude proportions of HPLC fractions 1–3 on the total extract (left), 
subfractions 1a–1d on the fraction 1 (middle), and fractions 1a–1d, 2, and 3 on 
the total extract (right). As some peaks were not collected, the percentages are 
crude estimates. Reprinted from Kaimainen et al. 2012 with permission. 
Copyright 2012 Springer Science+Business Media. 
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proportions, the identified compounds (MGDG, DGDG, SG, and PC) represent 
the majority of the original sample with DGDG and PC as the main compound 
classes. Polar lipids have been reported to account for 10–30 of total lipids in 
oat, and the majority of polar lipids are phospholipids (mainly PC and PE) and 
glycolipids (mainly DGDG and MGDG) (Sahasrabudhe 1979, Banas et al. 
2007, Leonova et al. 2008, Doehlert et al. 2010). Our results are well in line 
with the previous research on oat polar lipids despite the different extraction 
process of using supercritical carbon dioxide instead of organic solvents. 
5.2 Extraction of pigments 
Enzyme-assisted oil extraction of lutein from marigold flowers in study II was 
successful. The lutein contents of oil extracts (present as lutein esters but 
calculated as free lutein) were 0.50 mg/ml for the first extract, 0.23 mg/ml for 
the second extract, and 0.36 mg/ml for the combined extract. The yield of 
lutein was 1.1 mg/g of marigold flowers (fresh weight) and this was quite 
similar to what we extracted from the same marigold flowers using acetone – 
0.9 mg/g of marigold flowers (fresh weight). The lutein yield was difficult to 
compare with reported research results as most reported lutein contents of 
marigold flowers are presented for dry weight. Examples of reported lutein 
contents (per dry matter) for different varieties of Tagetes erecta are: 0.77–14.4 
mg/g (Khalil et al. 2012), 1.61–6.11 mg/g (Li et al. 2007), 0.18–3.0 mg/g 
(Piccaglia et al. 1998), and 10.3–17.0 mg/g (Deineka et al. 2007). Deineka et al. 
(2007) also measured the lutein content for fresh weight, and it was 2.10–2.97 
mg/g with approximately five- to six-fold difference to content per dry weight. 
The range of lutein yields is quite wide depending on the variety. We did not 
have the variety information but compared to reported lutein contents and our 
own extraction with acetone, the enzyme-assisted oil extraction seems to be a 
good way to extract lutein from marigold flowers without the use of organic 
solvents. 
Water extraction of betanin from red beet was done in study III, and the 
method was further optimized for study IV. In study III, the extract was not 
studied further other than for the UV spectrum, which showed a characteristic 
peak profile of betanin and measurement of osmolarity for preparation of the 
double w/o/w emulsion. In study IV, the effects of temperature (40 or 80 °C), 
ratio of beet:water (1:1 or 1:2), and extraction time (5, 15, 30 or 60 min) on the 
yield of betanin were studied. Especially with longer extraction times, high 
temperature induced degradation of betanin. Extraction time had otherwise no 
effect on the yield of betanin provided that the beet was in small enough pieces 
to allow the fast extraction of betanin into the water phase. Extraction with 
ratio of beet:water 1:2 had a betanin yield of 1.28 mg/g beet, which was 18 
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percent higher than the yield of 1.08 mg/g beet with ratio of 1:1, but as there 
was more extract, the concentration of betanin was 32 percent smaller (550 
µg/ml and 804 µg/ml). For maximum betanin yield, the extraction with ratio of 
beet:water of 1:2 was better, and the extraction could even be repeated as a lot 
of color was left on the solid matter. However, if the process involved 
concentration or drying of the extract, a ratio of 1:1 could also be considered 
for lower energy consumption as less water needs to be evaporated. 
5.3 Encapsulation 
5.3.1 Preparation of o/w emulsions 
The effects of emulsion composition (amount of oil and emulsifier) and 
creaming on droplet size were assessed in study I. Mean droplet sizes for o/w 
emulsions with different compositions are shown in table 4. Measurements 
with DLS and LD gave very different results as DLS detected only a small 
amount of droplets in the one to six µm range (upper limit of the instrument) 
whereas LD detected a population of droplets in the 0.5 to two µm range (lower 
limit of the HELOS/KR instrument). As the lower limit of detection in the LD 
measurement was 0.5 µm, the whole droplet size distribution of the droplets 
could not be measured and the mean diameters for LD measurements presented 
in table 4 were slightly larger than the actual sizes. Reasons for the 
contradicting results of DLS and LD measurement could be that DLS works 
better for submicron droplets with a  narrow size distribution and there could 
also be so much more submicron droplets than larger ones that DLS only 
detects the submicron droplets. Emulsions also needed to be diluted for LD 
measurement, and this may also have affected the results. We tested that the 
dilution of emulsions did not affect the DLS measurement, but this may not be 
the case for LD measurement. Microscopic investigation, however, verified the 
presence of larger droplets in the range of a few µm as can be seen in figure 13. 
The mean droplet sizes of o/w emulsions seemed to decrease with increasing 
emulsifier concentration and diminishing oil content except that the droplet 
sizes of all emulsions containing 10 mg/ml oil or emulsion containing 20 
mg/ml oil and 10 mg/ml emulsifier are quite similar when measured with LD. 
Also, the droplet size distributions of these emulsions are quite similar when 
measured with LD. For emulsions containing 20 mg/ml oil and 2.5 mg/ml 
emulsifier or 50 mg/ml oil and 10 mg/ml emulsifier, LD revealed yet another 
population of droplets around 5 to 10 µm, which suggests that for these 
emulsion compositions there might not be enough emulsifier to produce 
smaller droplets. 
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Table 4 Average droplet sizes of o/w emulsions in study I. 
Emulsion composition 
mean diameter 
DLS (nm) LD (µm) 
10 mg/ml oil, 2.5 mg/ml emulsifier 198 1.06 
10 mg/ml oil, 5 mg/ml emulsifier 166 1.05 
10 mg/ml oil, 10 mg/ml emulsifier 151 1.06 
20 mg/ml oil, 2.5 mg/ml emulsifier 230 2.13 
20 mg/ml oil, 5 mg/ml emulsifier 209 1.47 
20 mg/ml oil, 10 mg/ml emulsifier 152 1.04 
50 mg/ml oil, 10 mg/ml emulsifier 191 2.73 
 
 
Fig. 13 Microscopic image of emulsion containing 10 mg/ml oil and 5 mg/ml 
emulsifier clearly showing droplets with the size of 1–5 µm. 
The o/w emulsions in study I creamed quite rapidly, and we analyzed the 
droplet sizes of the upper and lower phases of emulsions after three days from 
preparation. The two phases could not be separated from all emulsions, and 
when collecting the upper and lower phases of emulsions, the upper phases 
contained also some lower phase. For this reason, DLS measurements were 
only made on the collected lower phases, as the detection of any submicron 
droplets would not have proved the presence of small droplets in the actual 
upper phase. Mean droplet sizes of upper and lower phase of creamed 
emulsions are shown in table 5. The mean droplet sizes of emulsion lower 
phases were smaller than those of freshly prepared emulsions whereas the mean 
droplet sizes of emulsion upper phases were considerably larger. For emulsion 
upper phases, LD revealed a population of very large droplets (5–30 µm or 
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even larger) but based on microscopic observation, this increase in droplet size 
seems to be an effect of aggregation. This implies that these emulsions may be 
stable against coalescence, which is usually more difficult to prevent or reverse 
than creaming or aggregation, which were a problem in these emulsions. Gentle 
agitation of the emulsion usually disrupts the cream layer and reverses its 
effects, whereas aggregation may be reversed or accelerated by agitation 
depending on the strength and type of interactions in the aggregates (Walstra 
2003). 
Table 5 Average droplet sizes of emulsion upper and lower phases after 3 days 
from preparation in study I. 
Emulsion composition 
mean diameter 
DLS (nm) LD (µm) 
20 mg/ml oil, 2.5 mg/ml emulsifier, lower phase 203 nm 
20 mg/ml oil, 5 mg/ml emulsifier, upper phase nm 4.48 
20 mg/ml oil, 5 mg/ml emulsifier, lower phase 239 1.05 
50 mg/ml oil, 10 mg/ml emulsifier, upper phase nm 14.90 
50 mg/ml oil, 10 mg/ml emulsifier, lower phase 164 1.26 
nm = not measured 
In study II, the droplet sizes of emulsions were not measured as we had no 
access to suitable equipment during that study. The addition of small amounts 
of different long chain polysaccharides to emulsions effectively prevented 
creaming probably due to increased viscosity as most of the emulsion samples 
showed no creaming during the 10-week storage test. However, it would be 
interesting to see whether the addition of stabilizing polysaccharides has an 
effect on the droplet size and also how the droplet sizes of these stabilized 
emulsions develop during storage. 
5.3.2 Preparation of w/o/w emulsions 
Double w1/o/w2 emulsions with betanin in the inner water w1 phase were 
prepared in study III. Formation of double emulsions was successful, which 
was confirmed by microscopic investigation, as primary w1/o droplets could be 
seen inside the larger o/w2 droplets as shown in figure 14. Encapsulation 
efficiency of betanin was 89.1 percent, which was quite high, but encapsulation 
efficiencies of up to 95 percent or even 99 percent have been reported for 
w1/o/w2 double emulsions (Hasegawa et al. 2001, Benichou et al. 2007, Mun et 
al. 2010, Sapei et al. 2012). However, also lower encapsulation efficiencies of 
less than 20 percent have been reported, and the encapsulation efficiency 
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probably depends on the composition of the whole system (Fechner et al. 2007, 
O'Regan & Mulvihill 2010). 
 
Fig. 14 Microscopic image of a double w1/o/w2 emulsion in study III. White 
arrows point out examples of w1/o/w2 droplets. Reprinted from Kaimainen et al. 
2015 with permission. Copyright 2014 Elsevier Limited. 
Droplet size analysis of the w1/o/w2 double emulsion with LD revealed two 
populations of droplets: a smaller droplet population accounting for 20 percent 
of the total droplet volume centered on a peak at 313 nm, and a larger droplet 
population accounting for 80 percent of the total droplet volume centered on a 
peak at 6.6 µm. As the primary w1/o emulsion droplets could be observed with 
microscope, they can likely cause laser diffraction and thus be detected in the 
LD measurement. DLS measurement of the primary w1/o emulsion showed a 
peak centered at 343 nm with a range similar to the smaller droplet population 
in the LD measurement, so that the population corresponded to the primary 
w1/o emulsion droplets. We observed only a very little creaming of w1/o/w2 
double emulsions during a few days although the droplet size was much larger 
than in study I. Similarly to o/w emulsions in study II, the w1/o/w2 double 
emulsions in study III contained stabilizing polysaccharides, and this could 
have led to a slow creaming rate. Another reason for slow creaming could be 
the smaller density difference of the oil and outer w2 phase due to the presence 
of inner water phase w1 droplets. 
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5.3.3 Spray drying 
Spray drying was used in study II to dry o/w emulsions and in study IV to dry 
beetroot extract. In both studies, the yield of spray drying was not very high at 
57 percent and 62 percent of theoretical maximum yield in study II, and 44 
percent in study IV, as a large amount of powder was tightly adhered to the 
walls of the spraying chamber. Yields of the spray drying processes in small 
pilot-scale devices are usually rather low but careful process optimization can 
improve the yield to some extent (Langrish et al. 2007, Goula and 
Adamopoulos 2008). Particle sizes of powders were not measured in either 
study due to technical reasons but according to the instrument manual, the 
powder size is usually between one and 25 µm. This means that the powder 
size may be quite close to the emulsion droplet size in study II, which could 
affect encapsulation efficiency and stability. The moisture contents of powders 
were determined by oven drying and they were 60 mg/g in study II and 40 
mg/g in study IV. 
5.4 Storage tests 
The stability of lutein during storage was assessed in study II and changes in 
various properties of model juices during storage were monitored in study IV. 
In study II, the visual appearances of the samples did not change during storage 
other than the emulsion with GG + XG 3:1 + MD (sample E) had slight 
creaming after five and 10 weeks. The creaming could be due to MD 
modifying the structure of the water phase or increasing the density difference 
between the oil and water phases. It could also be an effect of lower speed of 
mixing of the emulsions made with pilot scale equipment. HPLC analysis of 
the samples revealed peaks for free lutein and lutein esters in all of the samples 
and time points. The amount of free lutein was 0.5 to 1.0 percent of the amount 
of lutein esters, and the ratio did not change markedly during the storage period. 
Due to the different sample matrices (wet emulsion, spray dried emulsion, or 
plain oil), the quantitative amounts of lutein varied between samples so the 
amount of lutein at each time point was compared to the initial amount of each 
for easier comparison of lutein stability between samples. Relative amounts of 
lutein (free and esterified, calculated as free lutein) left in the samples during 
storage with statistically significant differences between samples and time 
points are shown in table 6. The amount of lutein decreased in all of the 
samples during storage, and only in sample B the difference between initial 
amount and amount after 10 weeks was not statistically significant. Even in that 
sample, the amount after five weeks was significantly lower than the initial 
amount. The retention of lutein during 10 weeks varied between 67 and 91 
Results and Discussion 
 
50 
percent, and it was lowest in the spray dried samples, 75 percent for sample G 
and 67 percent for sample H, although sample G did not differ significantly 
from the majority of the samples. Possible reasons for this are the high 
temperature in the spray drying process, although the contact time is short and 
most of the energy is used to evaporate water (Gharsallaoui et al. 2007), and 
the differences in the emulsion and powder structure on the proximity of 
oxygen species (from air) and lutein. 
Carotenoids are easily oxidized by, for example, oxygen, light, and heat 
(Boon et al. 2010). Our samples were stored in the dark at 20 to 22 °C so the 
loss of lutein is probably not caused by light and heat and the atmosphere of the 
sample tubes was not controlled, so air and oxygen were present in the storage 
conditions. The effect of water activity (aw) on carotenoid stability has been 
studied for different sample matrices with varying results (Rodriguez-Huezo et 
al. 2004, Lavelli et al. 2007, Oh et al. 2013). Rodriquez-Huezo et al. (2004) 
reported maximum carotenoid degradation at aw 0.628 with lower and almost 
constant degradation at higher or lower aw values, whereas Lavelli et al. (2007) 
reported maximum carotenoid stability at aw 0.31–0.54, and Oh et al. (2013) 
reported increased carotenoid degradation with increasing aw. It seems that the 
effect of aw on carotenoid stability is greatly dependent on the sample material 
but it could be one reason for the different stability of lutein in wet and dried 
emulsions in our study. We did not measure the aw of our samples and did not 
control the aw of storage conditions (other than that samples were in closed 
containers), but it seems reasonable to assume low aw values for spray dried 
emulsions and oil and very high aw values for wet emulsions. 
Changes in pH, °brix, UV spectrum (350–600 nm) and betacyanin content 
(total amount of betanin and isobetanin) of model juices during storage were 
monitored in study IV. The pH of model juices varied between 3.02 and 3.33 or 
4.97 and 5.08 for model juices with initial pH 3.4 or 5.0, respectively, but there 
was no clear trend. Dry matter content as measured by °brix varied between 1.4 
and 1.7 or 10.4 and 11.2 for model juices sweetened with steviol glycosides or 
sucrose, respectively, with no clear trend in storage at -20, 4, or 20°C. In 
storage at 60°C, °brix showed a slight increase during storage, probably due to 
concentration by evaporation of water (observed by weight loss of samples). 
The UV spectra of model juices stored at 4, 20, or 60°C showed a decrease of 
absorbance in a peak at 535 nm (betanin) and a development of a new peak at 
430 nm and an increase of absorbance near 350 nm during storage with faster 
changes with increasing storage temperature. Interestingly, the UV spectra of 
model juices stored at -20°C showed only minimal changes during storage, 
although the HPLC analysis revealed a decrease in betanin content during 
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HPLC analysis of model juices revealed a decrease of betacyanin content in all 
of the samples during storage with faster degradation with increasing storage 
temperature and decreasing pH. As the initial amounts of betacyanins were 
different in various model juices, betacyanin contents at time points were 
compared to the initial amount in the same model juice for easier comparison 
between samples. Relative amounts of betacyanin left in samples during 
storage at different temperatures are shown in tables 7, 8, and 9. In model 
juices, stored at 60 °C, there was not even a trace of betacyanins left even at the 
first time point, one week for ST1 and ST2, or three days for ST3 and ST4. The 
reason for different storage times for cold storage is that the test began with 
only model juices ST1 and ST2 and only for storage at 20 and 60 °C, but as it 
was quickly revealed that the stability of betacyanins was not good in these 
samples, two more model juices with more betacyanins and higher pH were 
prepared. At the same time, we also decided to prepare some samples of model 
juices ST3 and ST4 for cold storage as temperature seemed to have a great 
effect on betacyanin stability, and we only had a small amount of the first two 
model juices in cold storage for a limited number of time points. The pH 5.0 
was in the optimum range for betacyanin stability, but as model juices with pH 
5.0 contained twice the amount of betacyanins than model juices with pH 3.4, 
the better stability cannot be issued to pH alone as the higher betacyanin 
concentration could also have had an effect (Herbach et al. 2006). At pH 3.4, 
sucrose seemed to accelerate betacyanin degradation compared to steviol 
glycosides, but at pH 5.0, there was no big difference caused by the sweetener 
(or dry matter content which was modelled by the sweetener). The mechanism 
is not known but Cai & Corke (1999) reported a somewhat similar effect of 
sucrose above a concentration of 13 percent that increased Amaranth 
betacyanin degradation in a model beverage system. However, their model 
beverage had a pH of 5.6, whereas in our system, the effect was only seen at 
pH 3.4 and not at pH 5.0. 
Table 7 Relative amounts of betacyanins presented as % betacyanins left as 




1 week 2 weeks 3 weeks 4 weeks 2 months 
ST1 19 % nd nd nd nm 
ST2 38 % tr nd nd nm 
ST3 85 % 47 % 20 % 7 % tr 
ST4 76 % 48 % 24 % 9 % tr 
nd = not detected, nm = not measured, tr = trace  
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Table 8 Relative amounts betacyanins presented as % betacyanins left as 




2 months 3 months 4 months
ST1 5 % nm nd 
ST2 40 % nm nd 
ST3 77 % 52 % 34 % 
ST4 68 % 50 % 35 % 
nd = not detected, nm = not measured 
Table 9 Relative amounts of betacyanins presented as % betacyanins left as 




3 months 4 months 5.4 months 
ST1 nm nm 18 % 
ST2 nm nm 17 % 
ST3 83 % 67 % nm 
ST4 82 % 71 % nm 
nm = not measured 
The stability of betacyanins in the spray dried powder was much better than in 
the model juices. After six months of storage at 20 °C, the amount of 
betacyanins was virtually unchanged, and after four or six months of storage at 
60 °C, the relative amount of betacyanins was 80 or 60 percent of the initial 
amount, respectively. This is in accordance with previous reports describing 
that low water activity greatly enhances betanin stability (Herbach et al. 2006, 
Pasch & Von Elbe, 1975). The effect of different wall materials on the stability 
of betalains from beetroot or Amaranth has been studied, and the mixture of 
maltodextrins with DE25 and 10 was better than either maltodextrin alone (Cai 
& Corke, 2000). Only little differences were found between Arabic gum and 
maltodextrin (DE 11) (Janiszewska, 2014). There seemed to be quite high 
variation in the amount of betacyanins in parallel samples at the same time 
point, which was noticed only after six months of storage. There were not many 
parallel samples done from the initial samples or after storage for four months, 
so the actual values for these time points may be different. As the initial 
amount may be slightly higher than measured, the relative values after storage 
could be slightly smaller than reported.  
The ratio of betanin:isobetanin changed during storage, and the change was 
different for various samples and storage temperatures. In model juices ST1and 
ST2 (pH 3.4), the ratio decreased during storage at 20 or 4 °C. During storage 
at -20 °C, the ratio increased in sample ST1 and decreased in sample ST2. In 
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model juices ST3 and ST4 (pH 5.0), the ratio increased during storage at 20 or 
4 °C. During storage at -20 °C, the ratio remained relatively constant in sample 
ST3 and decreased in sample ST4. In the spray dried powder, the ratio 
remained constant during storage at 20 °C and decreased markedly during 
storage at 60 °C. The big decrease in the ratio of betanin:isobetanin during 
storage at 60 °C could be an effect of different degradation rates of betanin and 
isobetanin, or more probably due to isomerization of betanin to isobetanin, 
which is known to occur at elevated temperatures (Herbach et al. 2004). 
Overall, the effect of temperature on betacyanin stability would suggest using 
them as colorants for products that are stored cold. Indeed, the use of betalains 
from Malabar spinach (Basella rubra) for coloring ice cream has been studied 
with good results (Kumar et al. 2014). Betacyanins from Amaranth were used 
to color jelly, ice cream, and beverage with good color stability at low 
temperatures after 12 or 18 weeks, but with inferior stability at room 
temperature (Cai & Corke, 1999). Commercial beetroot red colorant (E162) 
can also be found in chilled dairy products; e.g., fruit yogurts. 
5.5 In vitro intestinal lipid digestion 
In vitro intestinal lipid digestion of a w1/o/w2 double emulsion was done in 
study III to see the effects of lipase and bile salts on the structure of double 
emulsion and on the retention of betanin in the inner w1 phase during digestion. 
Multimodal droplet size distributions were present during the whole digestion, 
and the smallest sized droplet population likely corresponded to the primary 
w1/o emulsion droplets. We calculated the surface mean diameter D3,2, which 
represents the primary w1/o emulsion droplets and the volume mean diameter 
D4,3, which represents the w1/o/w2 double emulsion droplets. The D3,2 and 
D4,3 for the digestion and control experiments are shown in table 10. As the 
droplet size distributions were multimodal, the larger sized droplet population 
slightly increased the D3,2, whereas the effect of the smaller sized droplet 
population on the D4,3 was negligible. Both the D3,2 and D4,3 increased 
quickly in the in vitro intestinal lipid digestion experiment, whereas both 
remained relatively unchanged in the control experiment. The increases in the 
digestion experiment reflected coalescence of the inner w1/o droplets and 
aggregation of the outer o/w2 droplets, the latter process characterized by the 
formation of larger sized droplets (30–100 µm) from 30 minutes onwards. Both 
the coalescence and aggregation processes could be verified under microscope 



















































































































































































Results and Discussion 55
Results and Discussion 
 
56 
Table 10 Droplet size calculations, during the in vitro intestinal lipid digestion 
in study III, showing the calculated surface means D3,2 and volume means 
D4,3. The control experiment was done in the same conditions but without the 
bile salt and lipase. 
Digestion time D3,2 (µm) D4,3 (µm) 
Control 0 min 0.81 ± 0.15 5.49 ± 0.42 
Control 180 min 0.75 ± 0.07 5.34 ± 0.67 
0 min 1.04 ± 0.09 6.28 ± 0.25 
30 min 1.66 ± 0.13 11.95 ± 1.75 
60 min 2.02 ± 0.37 26.74 ± 1.60 
90 min 2.55 ± 0.18 35.30 ± 0.62 
120 min 2.98 ± 0.27 38.82 ± 6.58 
180 min 2.74 ± 0.39 43.63 ± 3.40 
 
Retention or release of betanin in the inner w1 phase of the double emulsion 
during in vitro intestinal lipid digestion was studied by measuring the 
encapsulation efficiency during the digestion experiment. The release of 
betanin was quite fast in the beginning but it slowed down as digestion 
processed and during the last hour (from 120 to 180 minutes), no more release 
was detected, and the total release was 35 percent. This relatively low release 
can be explained by the fact that double emulsion structure was retained 
throughout the digestion, even though part of the inner w1/o emulsion droplets 
coalesced. In the control experiment, the release of betanin was very small 
during the 180 minute experiment confirming that the release of betanin is an 
effect of the bile salt and/or lipase and not the environmental conditions (pH, 
osmolarity, temperature). 
Several studies on lipid digestion of simple o/w emulsions have reported an 
increase in droplet size during digestion, usually due to aggregation of the oil 
droplets (Mun et al. 2007, Nik et al. 2011, Salvia-Trujillo et al. 2013). The type 
and amount of emulsifier (Mun et al. 2007, Nik et al. 2011, Yao et al. 2013) 
and the initial droplet size of the emulsion (Troncoso et al. 2012, Salvia-
Trujillo et al. 2013 affected the lipase efficiency. Only a few studies on lipid 
digestion of w1/o/w2 double emulsions have been made. Shima et al. (2004) 
showed that small outer droplets released a more hydrophilic marker from the 
inner w1 water phase than large ones because the latter were not hydrolyzed by 
lipase. Our results are in agreement with this as the aggregation of outer o/w2 
droplets seemed to limit the release of betanin from the inner w1 water phase in 
our system. 
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5.6 Sensory evaluation 
Sensory evaluation of model juices colored with betanin or anthocyanins were 
done in study IV to study consumer acceptance of model juices colored with 
spray dried betanin compared to model juices colored with anthocyanins or 
beetroot extract. The appearances of model juices SE4 and SE6 (i.e., colored 
with beet extract or anthocyanin, both ‘strong’ colors) were the most liked. 
Mean scores with standard deviations and statistically significant differences 
between model juices (p<0.05) for pleasantness of appearance are shown in 
figure 16. Overall, the ‘strong’ colored samples were preferred over ‘weak’ 
colors made with the same colorant. This is in accordance with a previous 
finding of more intense color of a juice against other juices resulting in 
increased liking of appearance of anthocyanin-rich berry juices (Laaksonen et 
al. 2013). There were no big differences between pleasantness of odor of the 
samples (mean scores: 3.66–4.31). The only statistically significant difference 
was that sample SE6 (anthocyanin ‘strong’) was more pleasant than samples 
SE1, SE2, and SE3 (spray dried betanin samples). Similarly, the pleasantness 
of taste was very similar in all of the samples (mean scores 3.01–4.51), and the 
only statistically significant difference was that sample SE3 (only one with pH 
5.0) was less liked than other samples, except that difference to sample SE2 
was not statistically significant. These small differences in odor and taste could 
be explained by the very similar juice compositions – possible odors originated 
from the colorants, and the higher pH of model juice SE3 affected the taste of 
that model juice. 
The internal preference map (principal component analysis, PCA) revealed a 
segment of 18 subjects with different preferences in liking of appearance than 
the main group. The main group preferred the sample SE6 (anthocyanin 
‘strong’) more than the segment, whereas the segment preferred samples SE1, 
SE2, and SE3 (spray dried betanin samples) more than the main group (t-test, 
p<0.05). In general, there was no difference in liking of sample SE4 (beet 
extract) between the segment and the main group. Classification of subjects 
into two groups correlated with the importance of natural colorants (Pearson's 
correlation) with the main group rating higher importance of natural colorants 
than the segment with group means 3.9 and 3.1, respectively (between classes 
3=moderately important and 4=very important). The segment classification of 
subjects was not dependent on age or gender. 
 




Fig. 16 Mean scores of pleasantness of appearance of the model juices in study 
IV. Samples not sharing a letter (a-d) are statistically different (p<0.05). 
Free-form descriptions of samples were analyzed with principal component 
regression (PCR) that correlated sample descriptions with liking separately for 
appearance, odor, and taste. PCR analysis of appearance correlated descriptions 
such as ‘artificial’, ‘not real juice’, ‘unnatural’, and ‘chemical colorant’ with 
disliking and these were associated with samples SE1, SE2, and SE3 (spray 
dried betanin samples). Descriptions such as ‘natural’, ‘berry’, ‘tempting’, and 
‘pleasant’ were correlated with liking of samples and associated with samples 
SE4 (beet extract) and SE6 (anthocyanin ‘strong’). The observations made 
during the appearance ratings in this study may have affected the ratings for 
odor and flavor because food colours may generate specific expectations 
regarding the other sensory aspects of the food (Spence et al. 2010). For 
example, red colored drinks may be often linked to strawberry and other berries 
(Zampini et al. 2007). The most interesting result of PCR analysis of odor was 
that descriptions ‘beetroot’ and ‘earthy’ were associated with sample SE4 (beet 
extract) but not with the other samples, and this was also observed in PCR 
analysis of taste. This result was actually partly expected, as during the 
concentration step (with rotary evaporator) of spray dried betanin preparation, 
the characteristic beetroot smell was removed from the colored extract into the 
condensed water phase. This means that off-odors and off-flavors derived from 
beet seem to be removed from the spray dried betanin, most probably in the 
rotary evaporation step. PCR analysis of taste also correlated descriptions such 
as ‘artificial’, ‘acidless’, ‘sweet’, ‘unpleasant’, and ‘sugar dilution’ with 
disliking and these were associated with sample SE3 (the pH 5.0 sample). 
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Overall, the results of the sensory evaluation study would suggest not to use 
spray dried betanin as a colorant for juices. However, the model juice colored 
with beet extract was the most liked sample for appearance, and the beet 
material was different for that extract than the extract used in preparation of 
spray dried betanin. The situation could also be different when the colorants are 
used in real berry juices with natural anthocyanins from the berries present, as 
the mixture of anthocyanins and betanin could produce a more acceptable color 
than betanin alone. In fact, mixtures of anthocyanins and betalains can produce 
color hues that are impossible to produce with either pigment class alone, but 
no consumer preference tests were done in that study (Stintzing et al. 2006). 
The consumer preference of color hue could also be different for food products 
other than juices, so in some products, the pink color produced by spray dried 
beetroot powder could be favorable. Most importantly, the spray dried betanin 
did not impart any beet-derived off-odors or off-flavors into the model juice. 
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6 SUMMARY AND CONCLUSION 
In this thesis work, extraction procedures without organic solvents and 
encapsulation of lutein and betanin and the stability of encapsulated pigments 
during storage were studied. Furthermore, preliminary studies on the 
bioavailability and consumer acceptance of encapsulated pigments were 
conducted. 
The composition of oat polar lipid fraction was studied and it was found to 
comprise mainly of glycolipids (DGDG, MGDG and SG) and phospholipids 
(PC). Preliminary studies showed that polar lipids from oat could be used as 
o/w emulsifier with potentially reduced coalescence tendency of the emulsion 
droplets. The emulsions were prone to creaming but it was possible to retard 
this in later parts of the thesis work. 
An enzyme-assisted oil extraction procedure of lutein from marigold flowers 
was developed and the yield was comparable to solvent extraction. This 
method can be used to produce vegetable oil containing up to 0.50 mg/ml lutein 
without the need to remove extraction solvents afterwards. This oil can be used 
for food coloring either as such for oil-based products or in an o/w emulsion for 
aqueous products. Similar stability of lutein in oil and in o/w emulsion was 
observed during storage in the dark at room temperature. 
Optimal conditions for extraction of betanin form industrial red beet peeling 
by-product with water were described. This process can give more value to 
industrial red beet peeling by-product, as the extract could potentially be used 
for food coloring purposes. Although the stability of spray dried betanin was 
not good in model juices stored at room temperature, stability in model juices 
at cold storage and in the dry pigment powder was better. Thus, betanin could 
be added into foods that are stored cold and the spray dried powder can be 
stored for longer times. 
Betanin was incorporated in the inner w1 water phase of a w1/o/w2 double 
emulsion and preliminary in vitro intestinal lipid digestion of a w1/o/w2 double 
emulsion was performed. Encapsulation efficiency of betanin was quite high, 
89 percent, and the double emulsion showed good stability with only a slight 
creaming during storage for a few days. The double emulsion structure was 
retained throughout the three-hour experiment, and also majority of betanin 
was retained in the inner w1 phase with a 35 percent release. The control 
experiment without bile salt and lipase confirmed that virtually no changes 
were due to osmolarity and pH of the digestion medium and this indicated good 
stability of the double emulsion. As the experiment only included the intestinal 
step of the gastrointestinal tract, further studies with gastric step included in the 
model should be conducted. 
Summary and Conclusion 
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Consumer acceptance of model juices colored with spray dried betanin was 
not as good as similar model juices colored with anthocyanins, although a small 
segment of consumers preferred the betanin-colored model juices. However, 
the color produced by a mixture of added betanin and naturally occurring 
anthocyanins could be more acceptable for consumers. Also as the stability of 
betanin suggests use in cold products, such as ice cream, the pink color 
produced by spray dried betanin could be more acceptable in these kinds of 
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